me Ge rH wer OF ~ e a2 os 
Archimedes 
WITH THE METHOD Ob ee 
Archimedes, 


EDITED BY T. L. HEATH 


VERMONT COLLEGE 
MONTPELIER, VI. 


= 


Digitized by the Internet Archive 
in 2023 


https://archive.org/details/worksofarchimedeOO000arch_y3e6 


PL pe 
THE worKsor O// 


EDITED IN MODERN NOTATION 


t 
ja 
3 


ie 


WITH INTRODUCTORY CHAPTERS BY 
F.L£ Htcath 


WITH A SUPPLEMENT 


The Melted off nok imedes 


RECENTLY DISCOVERED BY HEIBERG 


NEW YORK 
DOVER PUBLICATIONS, INC.. 


This new DOVER EDITION 
is an unabridged reissue of the 
HEATH EDITION of 1897 and includes 
the Supplement of 1912 


By special arrangement with 
The Cambridge University Press 


Library of Congress Catalog Card Number: 53-3224 


Manufactured in the United States of America 


Dover Publications, Inc. 
180 Varick Street 
New York 14, N. Y. 


PREFACE. 


4 has book is intended to form a companion volume to my 
edition of the treatise of Apollonius on Conic Sections 
lately published. If it was worth while to attempt to make the 
work of “the great geometer”’ accessible to the mathematician 
of to-day who might not be able, in consequence of its length 
and of its form, either to read it in the original Greek or in a 
Latin translation, or, having read it, to master it and grasp the 
whole scheme of the treatise, I feel that I owe even less of an 
apology for offering to the public a reproduction, on the same 
lines, of the extant works of perhaps the greatest mathematical 
genius that the world has ever seen. 

Michel Chasles has drawn an instructive distinction between 
the predominant features of the geometry of Archimedes and 
of the geometry which we find so highly developed in Apollo- 
nius. Their works may be regarded, says Chasles, as the origin 
and basis of two great inquiries which seem to share between 
them the domain of geometry. Apollonius is concerned with 
the Geometry of Forms and Situations, while in Archimedes 
we find the Geometry of Measurements dealing with the quad- 
rature of curvilinear plane figures and with the quadrature 
and cubature of curved surfaces, investigations which “gave 
birth to the calculus of the infinite conceived and brought 
to perfection successively by Kepler, Cavalieri, Fermat, Leibniz, 
and Newton.” But whether Archimedes is viewed as the 
man who, with the limited means at his disposal, nevertheless 
succeeded in performing what are really integrations for the 
purpose of finding the area of a parabolic segment and a 
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spiral, the surface and volume of a sphere and a segment 
of a sphere, and the volume of any segments of the solids 
of revolution of the second degree, whether he is seen finding 
the centre of gravity of a parabolic segment, calculating 
arithmetical approximations to the value of 7, inventing a 
system for expressing in words any number up to that which 
we should write down with 1 followed by 80,000 billion 
ciphers, or inventing the whole science of hydrostatics and at 
the same time carrying it so far as to give a most complete 
investigation of the positions of rest and stability of a right 
segment of a paraboloid of revolution floating in a fluid, the 
intelligent reader cannot fail to be struck by the remarkable 
range of subjects and the mastery of treatment. And if these 
are such as to create genuine enthusiasm in the student of 
Archimedes, the style and method are no less irresistibly 
attractive. One feature which will probably most impress the 
mathematician accustomed to the rapidity and directness secured 
by the generality of modern methods is the deliberation with 
which Archimedes approaches the solution of any one of his 
main problems. Yet this very characteristic, with its incidental 
effects, is calculated to excite the more admiration because the 
method suggests the tactics of some great strategist who 
foresees everything, eliminates everything not immediately 
conducive to the execution of his plan, masters every position 
in its order, and then suddenly (when the very elaboration of 
the scheme has almost obscured, in the mind of the spectator, 
its ultimate object) strikes the final blow. Thus we read in 
Archimedes proposition after proposition the bearing of which is 
not immediately obvious but which we find infallibly used later 
on; and we are led on by such easy stages that the difficulty of 
the original problem, as presented at the outset, is scarcely 
appreciated. As Plutarch says, “it is not possible to find in 
geometry more difficult and troublesome questions, or more 
simple and lucid explanations.” But it is decidedly a rhetorical 
exaggeration when Plutarch goes on to say that we are deceived 
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by the easiness of the successive steps into the belief that anyone 
could have discovered them for himself. On the contrary, the 
studied simplicity and the perfect finish of the treatises involve 
at the same time an element of mystery. Though each step 
depends upon the preceding ones, we are left in the dark as to 
how they were suggested to Archimedes. There is, in fact, 
much truth in a remark of Wallis to the effect that he seems 
“as it were of set purpose to have covered up the traces of his 
investigation as if he had grudged posterity the secret of his 
method of inquiry while he wished to extort from them assent 
to his results.” Wallis adds with equal reason that not only 
Archimedes but nearly all the ancients so hid away from 
posterity their method of Analysis (though it is certain that 
they had one) that more modern mathematicians found it easier 
to invent a new Analysis than to seek out the old. This is no 
doubt the reason why Archimedes and other Greek geometers 
have received so little attention during the present century and 
why Archimedes is for the most part only vaguely remembered 
as the inventor of a screw, while even mathematicians scarcely 
know him except as the discoverer of the principle in hydro- 
statics which bears his name. It is only of recent years that 
we have had a satisfactory edition of the Greek text, that of 
Heiberg brought out in 1880-1, and I know of no complete 
translation since the German one of Nizze, published in 1824, 
which is now out of print and so rare that I had some difficulty 
in procuring a copy. 

The plan of this work is then the same as that which I 
followed in editing the Conics of Apollonius. In this case, 
however, there has been less need as well as less opportunity for 
compression, and it has been possible to retain the numbering 
of the propositions and to enunciate them in a manner more 
nearly approaching the original without thereby making the 
enunciations obscure. Moreover, the subject matter is not so 
complicated as to necessitate absolute uniformity in the notation 
used (which is the only means whereby Apollonius can be made 
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even tolerably readable), though I have tried to secure as much 
uniformity as was fairly possible. My main object has been to 
present a perfectly faithful reproduction of the treatises as they 
have come down to us, neither adding anything nor leaving out 
anything essential or important. The notes are for the most 
part intended to throw light on particular points in the text or 
to supply proofs of propositions assumed by Archimedes as 
known; sometimes I have thought it right to insert within 
square brackets after certain propositions, and in the same type, 
notes designed to bring out the exact significance of those 
propositions, in cases where to place such notes in the Intro- 
duction or at the bottom of the page might lead to their being 
overlooked. 

Much of the Introduction is, as will be seen, historical; the 
rest is devoted partly to giving a more general view of certain 
methods employed by Archimedes and of their mathematical 
significance than would be possible in notes to separate propo- 
sitions, and partly to the discussion of certain questions arising 
out of the subject matter upon which we have no positive 
historical data to guide us. In these latter cases, where it is 
necessary to put forward hypotheses for the purpose of explaining 
obscure points, I have been careful to call attention to their 
speculative character, though I have given the historical evidence 
where such can be quoted in support of a particular hypothesis, 
my object being to place side by side the authentic information 
which we possess and the inferences which have been or may 
be drawn from it, in order that the reader may be in a position 
to judge for himself how far he can accept the latter as probable. 
Perhaps I may be thought to owe an apology for the length of 
one chapter on the so-called vedceus, or inclinationes, which goes 
somewhat beyond what is necessary for the elucidation of 
Archimedes; but the subject is interesting, and I thought it 
well to make my account of it as complete as possible in 
order to round off, as it were, my studies in Apollonius and 
Archimedes. 
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I have had one disappointment in preparing this book for 
the press. I was particularly anxious to place on or opposite 
the title-page a portrait of Archimedes, and I was encouraged 
in this idea by the fact that the title-page of Torelli’s edition 
bears a representation in medallion form on which are endorsed 
the words Archimedis effigies marmorea in veteri anaglypho 
Romae asservato. Caution was however suggested when I 
found two more portraits wholly unlike this but still claiming to 
represent Archimedes, one of them appearing at the beginning 
of Peyrard’s French translation of 1807, and the other in 
Gronovius’ Thesaurus Graecarum Antiquitatum; and I thought 
it well to inquire further into the matter. I am now informed 
by Dr A. S. Murray of the British Museum that there does 
not appear to be any authority for any one of the three, and 
that writers on iconography apparently do not recognise an 
Archimedes among existing portraits. I was, therefore, re- 
luctantly obliged to give up my idea. - 

The proof sheets have, as on the former occasion, been read 
over by my brother, Dr R. 8S. Heath, Principal of Mason College, 
Birmingham ; and I desire to take this opportunity of thanking 
him for undertaking what might well have seemed, to any one 
less genuinely interested in Greek geometry, a thankless task. 


T. L. HEATH. 


March, 1897. 
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INTRODUCTION. 


CHAPTER I. 
ARCHIMEDES, 


A ure of Archimedes was written by one Heracleides*, but 
this biography has not survived, and such particulars as are known 
have to be collected from many various sourcest. According to 
Tzetzes{ he died at the age of 75, and, as he perished in the sack 


of Syracuse (B.C. 212), it follows that he was probably born about 


287 B.c. He was the son of Pheidias the astronomer$, and was 


* Eutocius mentions this work in his commentary on Archimedes’ Measure- 
ment of the circle, ds pnow ‘Hpaxdeldns év r@ Apxiujdovs Blw. He alludes to it 
again in his commentary on Apollonius’ Conics (ed. Heiberg, Vol. u. p. 168), 
where, however, the name is wrongly given as ‘Hpdx\eos. This Heracleides is 
perhaps the same as the Heracleides mentioned by Archimedes himself in the 
preface to his book On Spirals. 

+ An exhaustive collection of the materials is given in Heiberg’s Quaestiones 
Archimedeae (1879). The preface to Torelli’s edition also gives the main points, 
and the same work (pp. 363—370) quotes at length most of the original 
references to the mechanical inventions of Archimedes. Further, the article 
Archimedes (by Hultsch) in Pauly-Wissowa’s Real-Encyclopidie der classischen 
Altertumswissenschaften gives an entirely admirable summary of all the available 
information. See also Susemihl’s Geschichte der griechischen Litteratur in der 
Alexandrinerzeit, 1. pp. 723—733. 

t+ Tzetzes, Chiliad., 11. 35, 105. 

§ Pheidias is mentioned in the Sand-reckoner of Archimedes, r&v mporépwr 
dorpordywv Evddéov...Pecdla 5é 700 dod marpos (the last words being the correction 
of Blass for rod ’AxoUmarpos, the reading of the text). Of. Schol. Clark. in 
Gregor. Nazianz. Or. 34, p. 355a Morel. ®edlas 7d ev yévos mv Zupakdoros 


dotpordyos 6 Apxiundous marip. 
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son Gelon. It appears from a passage of Diodorus* that he spent 
a considerable time at Alexandria, where it may be inferred that 
he studied with the successors of Euclid. It may have been at 
Alexandria that he made the acquaintance of Conon of Samos 
(for whom he had the highest regard both as a mathematician 
and as a personal friend) and of Eratosthenes. To the former 
he was in the habit of communicating his discoveries before their 
publication, and it is to the latter that the famous Cattle-problem 
purports to have been sent. Another friend, to whom he dedicated 
several of his works, was Dositheus of Pelusium, a pupil of Conon, 
presumably at Alexandria though at a date subsequent to Archi- 
medes’ sojourn there. 

After his return to Syracuse he lived a life entirely devoted 
to mathematical research. Incidentally he made himself famous 
by a variety of ingenious mechanical inventions. These things 
were however merely the ‘diversions of geometry at play t,” and 
he attached no importance to them. In the words, of Plutarch, “he 
possessed so high a spirit, so profound a soul, and such treasures 
of scientific knowledge that, though these inventions had obtained 
for him the renown of more than human sagacity, he yet would 
not deign to leave behind him any written work on such subjects, 
but, regarding as ignoble and sordid the business of mechanics 
and every sort of art which is directed to use and profit, he placed 
his whole ambition in those speculations in whose beauty and 
subtlety there is no admixture of the common needs of lifet.” In 
fact he wrote only one such mechanical book, On Sphere-making§, 
to which allusion will be made later. 

Some of his mechanical inventions were used with great effect 
against the Romans during the siege of Syracuse. Thus he contrived 


* Diodorus yv. 37, 3, ods [rods KoxAlas] ’Apxiundns 6 Dupakdcros etpev, bre 
mapéBarev els Alyumrrov. 

+ Plutarch, Marcellus, 14. 

eDtdenliis 

§ Pappus vu. p. 1026 (ed. Hultsch). Kdpmos 5¢ rot gnow 6 ’Avrioxeds 
"Apxiunin Tov Lupaxdcrov ev povov BiBdlov suvreraxévac pnxavixdoy TO KaTa Thy 
cpaiporrotiay, Tv 5é &Adwy obdey HéwwKevar cuvTdéar. Kalror mapa Tots modXots emi 
pnxavixy dogacbels kal weyaropurs Tis yevduevos 6 Oavyacrds éxelvos, WaTe Siapetvar 
Tapa macw dvOpwros brepBadddvTws Kuvovmevos, THY TE Mponyousevww yewmeTpiKAs 
kal dpOunrixhs éxoudvav Oewplas Ta Bpaxttara Soxodvra etvar crovdalws cuvéypaper* 
ds palverat tas elpnudvas émiotnuas otras dyamjcas ws pndev ewev brouevew 
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catapults so ingeniously constructed as to be equally serviceable 
at long or short ranges, machines for discharging showers of 
missiles through holes made in the walls, and others consisting 
of long moveable poles projecting beyond the walls which either 
dropped heavy weights upon the enemy’s ships, or grappled the 
prows by means of an iron hand or a beak like that of a crane, 
then lifted them into the air and let them fall again*. Marcellus 
is said to have derided his own engineers and artificers with the 
-words, “Shall we not make an end of fighting against this geo- 
metrical Briareus who, sitting at ease by the sea, plays pitch and 
toss with our ships to our confusion, and by the multitude of 
missiles that he hurls at us outdoes the hundred-handed giants of 
mythology?t”; but the exhortation had no effect, the Romans being 
in, such abject terror that “if they did but see a piece of rope 
or wood projecting above the wall, they would cry ‘there it is 
again,’ declaring that Archimedes was setting some engine in motion 
against them, and would turn their backs and run away, insomuch 
that Marcellus desisted from all conflicts and assaults, putting all 
his hope in a long sieget.” 

If we are rightly informed, Archimedes died, as he had lived, 
absorbed in mathematical contemplation. The accounts of the 
exact circumstances of his death differ in some details. Thus 
Livy says simply that, amid the scenes of confusion that followed 
the capture of Syracuse, he was found intent on some figures which 
he had drawn in the dust, and was killed by a soldier who did 
not know who he was§. Plutarch gives more than one version in 
the following passage. ‘Marcellus was most of all afflicted at 
the death of Archimedes; for, as fate would have it, he was intent 
on working out some problem with a diagram and, having fixed 
his mind and his eyes alike on his investigation, he never noticed 
the incursion of the Romans nor the capture of the city. And 
when a soldier came up to him suddenly and bade him follow to 


* Polybius, Hist. vir. 7—8; Livy xx1v. 34; Plutarch, Marcellus, 15—17. 

+ Plutarch, Marcellus, 17. 

t ibid. 

§ Livy xxv. 31. Cum multa irae, multa auaritiae foeda exempla ederentur, 
Archimedem memoriae proditum est in tanto tumultu, quantum pauor captae 
urbis in discursu diripientium militum ciere poterat, intentum formis, quas in 
puluere descripserat, ab ignaro milite quis esset interfectum ; aegre id Marcellum 
tulisse sepulturaeque curam habitam, et propinquis etiam inquisitis honori 
praesidioque nomen ac memoriam eius fuisse. 
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Marcellus, he refused to do so until he had worked out his problem 
to a demonstration; whereat the soldier was so enraged that he 
drew his sword and slew him. Others say that the Roman ran 
up to him with a drawn sword offering to kill him; and, when 
Archimedes saw him, he begged him earnestly to wait a short time 
in order that he might not leave his problem incomplete and 
unsolved, but the other took no notice and killed him. Again 
there is a third account to the effect that, as he was carrying to 
Marcellus some of his mathematical instruments, sundials, spheres, 
and angles adjusted to the apparent size of the sun to the sight, some 
soldiers met him and, being under the impression that he carried 
gold in the vessel, slew him*.” The most picturesque version of the 
story is perhaps that which represents him as saying to a Roman 
soldier who came too close, “‘Stand away, fellow, from my diagram,” 
whereat the man was so enraged that he killed himt. The addition 
made to this story by Zonaras, representing him as saying wapa 
Kepadav Kal uu apa ypaypav, while it no doubt recalls the second 
version given by Plutarch, is perhaps the most far-fetched of the 
touches put to the picture by later hands. 

Archimedes is said to have requested his friends and relatives 
to place upon his tomb a representation of a cylinder circumscribing 
a sphere within it, together with an inscription giving the ratio 
which the cylinder bears to the sphere{t; from which we may 
infer that he himself regarded the discovery of this ratio [On the 
Sphere and Cylinder, 1. 33, 34] as his greatest achievement. Cicero, 
when quaestor in Sicily, found the tomb in a neglected state and 
restored it§. 

Beyond the above particulars of the life of Archimedes, we 
have nothing left except a number of stories, which, though perhaps 
not literally accurate, yet help us to a conception of the personality 
of the most original mathematician of antiquity which we would 
not willingly have altered. Thus, in illustration of his entire 
preoccupation by his abstract studies, we are told that he would 
forget all about his food and such necessities of life, and would 
be drawing geometrical figures in the ashes of the fire, or, when 


\ 


* Plutarch, Marcellus, 19. 

+ Tzetzes, Chil. 11. 35, 185; Zonaras rx. 5. 
~ Plutarch, Marcellus, 17 ad jin. 

§ Cicero, Tusc. v. 64 sq. 
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anointing himself, in the oil on his body*. Of the same kind is 
the well-known story that, when he discovered in a bath the 
solution of the question referred to him by Hieron as to whether 
a certain crown supposed to have been made of gold did not in 
reality contain a certain proportion of silver, he ran naked through 
the street to his home shouting evpyxa, edpykat. 

According to Pappus{ it was in connexion with his discovery 
of the solution of the problem Zo move a given weight by a given 
Jorce that Archimedes uttered the famous saying, “Give me a 
place to stand on, and I can move the earth (80s pow rod ora Kai 
kw thv yqv).” Plutarch represents him as declaring to Hieron 
that any given weight could be moved by a given force, and 
boasting, in reliance on the cogency of his demonstration, that, if 
he were given another earth, he would cross over to it and move 
this one. “And when Hieron was struck with amazement and asked 
him to reduce the problem to practice and to give an illustration 
of some great weight moved by a small force, he fixed upon a ship 
of burden with three masts from the king’s arsenal which had 
only been drawn up with great labour and many men; and loading 
her with many passengers and a full freight, sitting himself the 
while far off, with no great endeavour but only holding the end 


” 


of a compound pulley (zoAve7acros) quietly in his hand and pulling 
at it, he drew the ship along smoothly and safely as if she were 
moving through the sea$.” According to Proclus the ship was one 
which Hieron had had rfiade to send to king Ptolemy, and, when all 
the Syracusans with their combined strength were unable to launch 
it, Archimedes contrived a mechanical device which enabled Hieron 
to move it by himself, insomuch that the latter declared that 
“from that day forth Archimedes was to be believed in every- 
thing that he might say ||.” While however it is thus established 
that Archimedes invented some mechanical contrivance for moving 
a large ship and thus gave a practical illustration of his thesis, 
it is not certain whether the machine used was simply a compound 


* Plutarch, Marcellus, 17. 

+ Vitruvius, Architect. 1x. 3. For an explanation of the manner in which 
Archimedes probably solved this problem, see the note following On floating 
bodies, 1. 7 (p. 259 sq.). 

+ Pappus vir. p. 1060. 

§ Plutarch, Marcellus, 14. 

|| Proclus, Comm. on Eucl. 1., p. 63 (ed. Friedlein). 
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pulley (roAvoracros) as stated by Plutarch; for Athenaeus*, in 
describing the same incident, says that a helix was used. This 
term must be supposed to refer to a machine similar to the KoxAias 
described by Pappus, in which a cog-wheel with oblique teeth 
moves on a cylindrical helix turned by a handley. Pappus, how- 
ever, describes it in connexion with the BapovAkds of Heron, and, 
while he distinctly refers to Heron as his authority, he gives no 
hint that Archimedes invented either the BapovAxos or the par- 
ticular xoyAias; on the other hand, the roAvcracros is mentioned 
by Galen {, and the tpioraoros (triple pulley) by Oribasius§, as one 
of the inventions of Archimedes, the tpio7acros being so called 
either from its having three wheels (Vitruvius) or three ropes 
(Oribasius). Nevertheless, it may well be that though the ship 
could easily be kept in motion, when once started, by the rpi- 
oractos or moAvoracros, Archimedes was obliged to use an appliance 
similar to the xoxAéas to give the first impulse. 

The name of yet another instrument appears in connexion with 
the phrase about moving the earth. Tzetzes’ version is, ‘“ Give 
me a place to stand on (za Bo), and I will move the whole earth 
with a xapicriwy ||”; but, as in another passage] he uses the word 
tplomactos, it may be assumed that the two words represented one 
and the same thing**. 

It will be convenient to mention in this place the other 
mechanical inventions of Archimedes. The best known is the 


* Athenaeus v. 207 a-b, xatackevdoas yap tka Td TyALKODTOY oKddos els THY 
Oddacoav Katyyaye’ mp&ros 5 Apxiundns edpe Thy ris Edckos katackevyv. To the 
same effect is the statement of Eustathius ad Il. 111. p. 114 (ed. Stallb.) Aéyerac 
6é EE Kal re unxavijs eldos, 5 rpGros evpdw 6’Apxiundns eddoxluncé, pact, dv adbrod. 

+ Pappus vir. pp. 1066, 1108 sq. 

£ Galen, in Hippocr. De artic., 1v. 47 (=xvut. p. 747, ed. Kiihn). 

§ Oribasius, Coll. med., xu1x. 22 (1v. p. 407, ed. Bussemaker), ’Azre\Xdous 9 
"Apxiundous Tplomacrov, described in the same passage as having been invented 
mpos TAS TOV TAolwy KaGodKds. 

|| Tzetzes, Chil. 11. 130. 

q Ibid., ut. 61, 6 yqv dvacray unxary Th TpiomdoTw Bow dra BW kal cadedow 
Ty xObva. 

** Heiberg compares Simplicius, Comm. in Aristot. Phys. (ed. Diels, p. 1110, 
1, 2), ravry 6¢ rH dvadoyla Tod KiwodvTos Kal Tod Kivovpévou Kal Tod SiacTiparos 
TO oTabuoriKkdy dpyavov Tov KaNovmevov xapioriuva auoTynoas 6 'Apxiurdns ws 


MéXpt mavTds THs dvadoylas mpoxwpovons éxdumacev éxelvo TO Wa BO Kal KWo Tdv 
yar. 
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water-screw * (also called xoxyAias) which was apparently invented 
by him in Egypt, for the purpose of irrigating fields. It was 
also used for pumping water out of mines or from the hold of 
ships. 

Another invention was that of a sphere constructed so as to 
imitate the motions of the sun, the moon, and the five planets 
in the heavens. Cicero actually saw this contrivance and gives a 
description of it{, stating that it represented the periods of the 
moon and the apparent motion of the sun with such accuracy that 
it would even (over a short period) show the eclipses of the sun 
and moon. Hultsch conjectures that it was moved by water tf. 
We know, as above stated, from Pappus that Archimedes wrote 
a book on the construétion of such a sphere (zrepi odatporotias), 
and Pappus speaks in one place of “those who understand the 
making of spheres and produce a model of the heavens by means 
of the regular circular motion of water.” In any case it is certain 
that Archimedes was much occupied with astronomy. Livy calls 
him ‘“unicus ‘spectater caeli siderumque.” Hipparchus says§, 
“From these observations it is clear that the differences in the 
years are altogether small, but, as to the solstices, I almost 
think (ov« deAri~w) that both I and Archimedes have erred to 
the extent of a quarter of a day both in the observation and in the 
deduction therefrom.” It appears therefore that Archimedes had 
considered the question of the length of the year, as Ammianus 
also states||. Macrobitfs says that he discovered the distances of 
the planets§. Archimedes himself describes in the Sand-reckoner 
the apparatus by which he measured the apparent diameter of the 
sun, or the angle subtended by it at the eye. 

The story that he set the Roman ships on fire by an arrange- 
ment of burning-glasses or concave mirrors is not found in any 


* Diodorus 1. 34, v. 37; Vitruvius x. 16 (11); Philo m1. p. 330 (ed. Pfeiffer) ; 
Strabo xvi. p. 807; Athenaeus v. 208 f. 

+ Cicero, De rep., 1. 21-22; Tusc., 1.63; De nat. deor., u. 88. Cf. Ovid, 
Fasti, v1. 277; Lactantius, Instit., u. 5, 18; Martianus Capella, m. 212, vi. 
583 sq.; Claudian, Epigr. 18; Sextus Empiricus, p. 416 (ed. Bekker). 

t Zeitschrift f. Math. u. Physik (hist. litt. Abth.), xxi. (1877), 106 sq. 

§ Ptolemy, cvvraéis, 1. p. 153. 

|| Ammianus Marcell., xxvu. i. 8. 

4] Macrobius, in Somn. Scip., 11. 3. 
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authority earlier than Lucian*; and the so-called loculus Archt- 
medius, which was a sort of puzzle made of 14 pieces of ivory of 
different shapes cut out of a square, cannot be supposed to be his 
invention, the explanation of the name being perhaps that it was 
only a method of expressing that the puzzle was cleverly made, 
in the same way as the zpoBAnua "Apxindecov came to be simply 
a proverbial expression for something very difficult f. 


* The same story is told of Proclus in Zonaras xiv. 3. For the other 
references on the subject see Heiberg’s Quaestiones Archimedeae, pp. 39-41. 
+ Cf. also Tzetzes, Chil. x11. 270, rav ’Apxiundous unxavuv xpelay exw. 


CHAPTER II. 


MANUSCRIPTS AND PRINCIPAL EDITIONS—ORDER OF 
COMPOSITION—DIALECT—-LOST WORKS. 


THE sources of the text and versions are very fully described 
by Heiberg in the Prolegomena to Vol. m1. of his edition of Archi- 
medes, where the editor supplements and to some extent amends 
what he had previously written on the same subject in his dis- 
sertation entitled Quaestiones Archimedeae (1879). It will there- 
fore suffice here to state briefly the main points of the discussion. 

The MSS. of the best class all had a common origin in a MS. 
which, so far as is known, is no longer extant. It is described 
in one of the copies made from it (to be mentioned later and dating 
from some time between A.D. 1499 and 1531) as ‘most ancient’ 
(radaotdrov), and all the evidence goes to show that it was written 
as early as the 9th or 10th century. At one time it was in the 
possession of George Valla, who taught at Venice between the 
years 1486 and 1499; and many important inferences with regard 
to its readings can be drawn from some translations of parts of 
Archimedes and Eutocius made by Valla himself and published 
in his book entitled de expetendis et fugiendis rebus (Venice, 1501). 
It appears to have been carefully copied from an original belonging 
to some one well versed in mathematics, and it contained figures 
drawn for the most part with great care and accuracy, but there 
was considerable confusion between the letters in the figures and 
those in the text. This MS., after the death of Valla in 1499, 
became the property of Albertus Pius Carpensis (Alberto Pio, 
prince of Carpi). Part of his library passed through various hands 
and ultimately reached the Vatican; but the fate of the Valla 
MS. appears to have been different, for we hear of its being in 
the possession of Cardinal Rodolphus Pius (Rodolfo Pio), a nephew 
of Albertus, in 1544, after which it seems to have disappeared. 


XX1V INTRODUCTION. 


The three most important MSS. extant are: 


F (=Codex Florentinus bibliothecae Laurentianae Mediceae 
plutei xxviiI. 4to.). 


B (=Codex Parisinus 2360, olim Mediceus). 
C (=Codex Parisinus 2361, Fonteblandensis). 


Of these it is certain that B was copied from the Valla MS. 
This is proved by a note on the copy itself, which states that the 
archetype formerly belonged to George Valla and afterwards to 
Albertus Pius. From this it may also be inferred that B was 
written before the death of Albertus in 1531; for, if at the date 
of B the Valla MS. had passed to Rodolphus Pius, the name of 
the latter would presumably have been mentioned. The note re- 
ferred to also gives a list of peculiar abbreviations used in the 
archetype, which list is of importance for the purpose of com- 
parison with F and other MSS. 

From a note on C it appears that that MS. was written by 
one Christophorus Auverus at Rome in 1544, at the expense of 
Georgius Armagniacus (Georges d’Armagnac), Bishop of Rodez, 
then on a mission from King Francis I. to Pope Paul III. Further, 
a certain Guilelmus Philander, in a letter to Francis I. published 
in an edition of Vitruvius (1552), mentions that he was allowed, 
by the kindness of Cardinal Rodolphus Pius, acting at the instance 
of Georgius Armagniacus, to see and make extracts from a volume 
of Archimedes which was destined to adorn the library founded 
by Francis at Fontainebleau. He adds that the volume had been 
the property of George Valla. We can therefore hardly doubt 
that C was the copy which Georgius Armagniacus had made in 
order to present it to the library at Fontainebleau. 

Now F, B and C all contain the same works of Archimedes 
and Eutocius, and in the same order, viz. (1) two Books de sphaera 
et cylindro, (2) de dimensione circuli, (3) de conoidibus, (4) de 
lonets sprralibus, (5) de planis aeque ponderantibus, (6) arenarius, 
(7) quadratura parabolae, and the commentaries of Eutocius on 
(1) (2) and (5). At the end of the quadratura parabolae both 
F and B give the following lines: 

edTuxoins A€ov yewperpa 

moAAous eis AvKdBavtas tors odd Pidrtare potas. 
F and C also contain menswrae from Heron and two fragments 
wept orabpov and epi pérpwv, the order being the same in both 
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and the contents only differing in the one respect that the last 
fragment repi yérpwv is slightly longer in F than in C. 

A short preface to C states that the first page of the archetype 
was so rubbed and worn with age that not even the name of’ 
Archimedes could be read upon it, while there was no copy at 
Rome by means of which the defect could be made good, and 
further that the last page of Heron’s de mensuris was similarly 
obliterated. Now in F the first page was apparently left blank 
at first and afterwards written in by a different hand with many 
gaps, while in B there are similar deficiencies and a note attached 
by the copyist is to the effect that the first page of the archetype 
was indistinct. In another place (p. 4 of Vol. 11, ed. Heiberg) 
all three MSS. have the same lacuna, and the scribe of B notes 
that one whole page or even two are missing. 

Now C could not have been copied from F because the last 
page of the fragment epi pérpwv is perfectly distinct in F; and, 
on the other hand, the archetype of F must have been illegible 
at the end because there is no word réAos at the end of F, nor any 
other of the signs by which copyists usually marked the completion 
of their task. Again, Valla’s translations show that his MS. had 
certain readings corresponding to correct readings in B and C 
instead of incorrect readings given by F. Hence F cannot have 
been Valla’s MS. itself. 

The positive evidence about F is as follows. Valla’s trans- 
lations, with the exception of the few readings just referred to, 
agree completely with the text of F. From a letter written at 
Venice in 1491 by Angelus Politianus (Angelo Poliziano) to Lau- 
rentius Mediceus (Lorenzo de’ Medici), it appears that the former 
had found a MS. at Venice containing works by Archimedes and 
Heron and proposed to have it copied. As G. Valla then lived 
at Venice, the MS. can hardly have been any other but his, and 
no doubt F was actually copied from it in 1491 or soon after. 
Confirmatory evidence for this origin of F is found in the fact 
that the form of most of the letters in it is older than the 15th 
century, and the abbreviations etc., while they all savour of an 
ancient archetype, agree marvellously with the description which 
the note to B above referred to gives of the abbreviations used 
in Valla’s MS. Further, it is remarkable that the corrupt passage 
corresponding to the illegible first page of the archetype just takes 
up one page of F, no more and no less. 
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The three most important MSS. extant are: 


F (=Codex Florentinus bibliothecae Laurentianae Mediceae 
plutei xxvii. 4to.). 


B (=Codex Parisinus 2360, olim Mediceus). 
C (=Codex Parisinus 2361, Fonteblandensis). 


Of these it is certain that B was copied from the Valla MS. 
This is proved by a note on the copy itself, which states that the 
archetype formerly belonged to George Valla and afterwards to 
Albertus Pius. From this it may also be inferred that B was 
written before the death of Albertus in 1531; for, if at the date 
of B the Valla MS. had passed to Rodolphus Pius, the name of 
the latter would presumably have been mentioned. The note re- 
ferred to also gives a list of peculiar abbreviations used in the 
archetype, which list is of importance for the purpose of com- 
parison with F and other MSS. 

From a note on C it appears that that MS. was written by 
one Christophorus Auverus at Rome in 1544, at the expense of 
Georgius Armagniacus (Georges d’Armagnac), Bishop of Rodez, 
then on a mission from King Francis I. to Pope Paul III. Further, 
a certain Guilelmus Philander, in a letter to Francis I. published 
in an edition of Vitruvius (1552), mentions that he was allowed, 
by the kindness of Cardinal Rodolphus Pius, acting at the instance 
of Georgius Armagniacus, to see and make extracts from a volume 
of Archimedes which was destined to adorn the library founded 
by Francis at Fontainebleau. He adds that the volume had been 
the property of George Valla. We can therefore hardly doubt 
that C was the copy which Georgius Armagniacus had made in 
order to present it to the library at Fontainebleau. 

Now F, B and C all contain the same works of Archimedes 
and Eutocius, and in the same order, viz. (1) two Books de sphaera 
et cylindro, (2) de dimensione circuli, (3) de conoidibus, (4) de 
leneis spiralibus, (5) de planis aeque ponderantibus, (6) arenarius, 
(7) quadratura parabolae, and the commentaries of Eutocius on 
(1) (2) and (5). At the end of the quadratura parabolae both 
F and B give the following lines: 


evTuxoins A€ov yewpetpa 

modXdovs eis AvedBavras tors odd Pidrare povous. 
F and C also contain menswrae from Heron and two fragments 
wept oraGpav and epi pérpwr, the order being the same in both 
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and the contents only differing in the one respect that the last 
fragment 7epi yérpwy is slightly longer in F than in C, 

A short preface to C states that the first page of the archetype 
was so rubbed and worn with age that not even the name of’ 
Archimedes could be read upon it, while there was no copy at 
Rome by means of which the defect could be made good, and 
further that the last page of Heron’s de mensuris was similarly 
obliterated. Now in F the first page was apparently left blank 
at first and afterwards written in by a different hand with many 
gaps, while in B there are similar deficiencies and a note attached 
by the copyist is to the effect that the first page of the archetype 
was indistinct. In another place (p. 4 of Vol. 11, ed. Heiberg) 
all three MSS. have the same lacuna, and the scribe of B notes 
that one whole page or even two are missing. 

Now C could not have been copied from F because the last 
page of the fragment wept pérpwr is perfectly distinct in F; and, 
on the other hand, the archetype of F must have been illegible 
at the end because there is no word réAos at the end of F, nor any 
other of the signs by which copyists usually marked the completion 
of their task. Again, Valla’s translations show that his MS. had 
certain readings corresponding to correct readings in B and C 
instead of incorrect readings given by F. Hence F cannot have 
been Valla’s MS. itself. 

The positive evidence about F is as follows. Valla’s trans- 
lations, with the exception of the few readings just referred to, 
agree completely with the text of F. From a letter written at 
Venice in 1491 by Angelus Politianus (Angelo Poliziano) to Lau- 
rentius Mediceus (Lorenzo de’ Medici), it appears that the former 
had found a MS. at Venice containing works by Archimedes and 
Heron and proposed to have it copied. As G. Valla then lived 
at Venice, the MS. can hardly have been any other but his, and 
no doubt F was actually copied from it in 1491 or soon after. 
Confirmatory evidence for this origin of F is found in the fact 
that the form of most of the letters in it is older than the 15th 
century, and the abbreviations etc., while they all savour of an 
ancient archetype, agree marvellously with the description which 
the note to B above referred to gives of the abbreviations used 
in Valla’s MS. Further, it is remarkable that the corrupt passage 
corresponding to the illegible first page of the archetype just takes 
up one page of F, no more and no less. 
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The natural inference from all the evidence is that F, B and 
C all had their origin in the Valla MS. ; and of the three F is 
the most trustworthy. For (1) the extreme care with which the 
copyist of F kept to the original is illustrated by a number of 
mistakes in it which correspond to Valla’s readings but are cor- 
rected in B and ©, and (2) there is no doubt that the writer of 
B was somewhat of an expert and made many alterations on his 
own authority, not always with success. 

Passing to other MSS., we know that Pope Nicholas V. had 
a MS. of Archimedes which he caused to be translated into Latin. 
The translation was made by Jacobus Cremonensis (Jacopo Cas- 
siani*), and one copy of this was written out by Joannes Regio- 
montanus (Johann Miiller of Kénigsberg, near Hassfurt, in Fran- 
conia), about 1461, who not only noted in the margin a number 
of corrections of the Latin but added also in many places Greek 
readings from another MS. This copy by Regiomontanus is pre- 
served at Nirnberg and was the source of the Latin translation 
given in the editio princeps of Thomas Gechauff Venatorius (Basel, 
1544); it is called N® by Heiberg. (Another copy of the same 
translation is alluded to by Regiomontanus, and this is doubtless 
the Latin MS. 327 of 15th c. still extant at Venice.) From the 
fact that the translation of Jacobus Cremonensis has the same 
lacuna as that in F, B and C above referred to (Vol. 11., ed. 
Heiberg, p. 4), it seems clear that the translator had before him 
either the Valla MS. itself or (more likely) a copy of it, though 
the order of the books in the translation differs in one respect 
from that in our MSS., viz. that the arenarius comes after instead 
of before the quadratura parabolae. 

It is probable that the Greek MS. used by Regiomontanus was V 
(= Codex Venetus Marcianus cccy. of the 15th c.), which is still extant 
and contains the same books of Archimedes and Eutocius with the 
same fragment of Heron as F has, and in the same order. If the 
above conclusion that F dates from 1491 or thereabouts is correct, 
then, as V belonged to Cardinal Bessarione who died in 1472, it 
cannot have been copied from F, and the simplest way of accounting 


for its similarity to F is to suppose that it too was derived from 
Valla’s MS. 


* Tiraboschi, Storia della Letteratura Italiana, Vol. v1. Pt. 1 (p. 358 of the 
edition of 1807). Cantor (Vorlesungen iib. Gesch. d. Math., 11. p. 192) gives the 
full name and title as Jacopo da S. Cassiano Cremonese canonico regolare. 
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Regiomontanus mentions, in a note inserted later than the 
rest and in different ink, two other Greek MSS., one of which he 
calls “exemplar vetus apud magistrum Paulum.” Probably the 
monk Paulus (Albertini) of Venice is here meant, whose date was 
1430 to 1475; and it is possible that the “exemplar vetus” is 
the MS. of Valla. 

The two other inferior MSS., viz. A (=Codex Parisinus 2359, 
olim Mediceus) and D (=Cod. Parisinus 2362, Fonteblandensis), 
‘owe their origin to V. 

It is next necessary to consider the probabilities as to the MSS. 
used by Nicolas Tartaglia for his Latin translation of certain of 
the works of Archimedes. The portion of this translation published 
at Venice in 1543 contained the books de centris gravium vel de 
aequerepentibus I-II, tetragonismus [parabolae], dimensio circuli 
and de insidentibus aquae I; the rest, consisting of Book II de 
insidentibus aquae, was published with Book I of the same treatise, 
after Tartaglia’s death in 1557, by Troianus Curtius (Venice, 1565). 
Now the last-named treatise is not extant in any Greek MS. and, 
as Tartaglia adds it, without any hint of a separate origin, to the 
rest of the books which he says he took from a mutilated and 
almost illegible Greek MS., it might easily be inferred that the 
Greek MS. contained that treatise also. But it is established, by 
a letter written by Tartaglia himself eight years later (1551) that 
he then had no Greek text of the Books de insidentibus aquae, and 
it would be strange if it had disappeared in so short a time without 
leaving any trace. Further, Commandinus in the preface to his 
edition of the same treatise (Bologna, 1565) shows that he had 
never heard of a Greek text of it. Hence it is most natural to 
suppose that it reached Tartaglia from some other source and in the 
Latin translation only*. 

The fact that Tartaglia speaks of the old MS. which he used 
as “fracti et qui vix legi poterant libri,” at practically the same 
time as the writer of the preface to C was giving a similar de- 
scription of Valla’s MS., makes it probable that the two were 


* The Greek fragment of Book 1., wept ra&v YdaTe égiorauévwy 7 wept Tov 
éxouuévwv, edited by A. Mai from two Vatican MSS. (Classict auct. 1. p. 426-30 ; 
Vol. u. of Heiberg’s edition, pp. 356-8), seems to be of doubtful authenticity. 
Except for the first proposition, it contains enunciations only and no proofs. 
Heiberg is inclined to think that it represents an attempt at retranslation into 
Greek made by some mediaeval scholar, and he compares the similar attempt 
made by Rivault. 
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identical ; and this probability is confirmed by a considerable agree- 
ment between the mistakes in Tartaglia and in Valla’s versions. 

But in the case of the guadratura parabolae and the dimensio 
circult Tartaglia adopted bodily, without alluding in any way to 
the source of it, another Latin translation published by Lucas 
Gauricus “Tuphanensis ex regno Neapolitano” (Luca Gaurico of 
Gifuni) in 1503, and he copied it so faithfully as to reproduce most 
obvious errors and perverse punctuation, only filling up a few 
gaps and changing some figures and letters. This translation by 
Gauricus is seen, by means of a comparison with Valla’s readings 
and with the translation of Jacobus Cremonensis, to have been 
made from the same MS. as the latter, viz. that of Pope Nicolas V. 

Even where Tartaglia used the Valla MS. he does not seem 
to have taken very great pains to decipher it when it was 
not easily legible—it may be that he was unused to deciphering 
MSS.—and in such cases he did not hesitate to draw from other 
sources. In one place (de planor. equilib. 11. 9) he actually 
gives as the Archimedean proof a paraphrase of Eutocius some- 
what retouched and abridged, and in many other instances he 
has inserted corrections and interpolations from another Greek 
MS. which he once names. ‘This MS. appears to have been a copy 
made from F, with interpolations due to some one not unskilled 
in the subject-matter; and this interpolated copy of F was ap- 
parently also the source of the Nurnberg MS. now to be mentioned. 

N* (= Codex Norimbergensis) was written in the 16th century 
and brought from Rome to Niirnberg by Wilibald Pirckheymer. 
It contains the same works of Archimedes and Eutocius, and in 
the same order, as F, but was evidently not copied from F direct, 
while, on the other hand, it agrees so closely with Tartaglia’s 
version as to suggest a common origin. N* was used by Vena- 
torius in preparing the editio princeps, and Venatorius corrected 
many mistakes in it with his own hand by notes in the margin 
or on slips attached thereto; he also made many alterations in 
the body of it, erasing the original, and sometimes wrote on it 
directions to the printer, so that it was probably actually used 
to print from. The character of the MS. shows it to belong to 
the same class as the others; it agrees with them in the more 
important errors and in having a similar lacuna at the beginning. 
Some mistakes common to it and F alone show that its source was 
F, though at second hand, as above indicated. 


EDITIONS AND TRANSLATIONS. exix 


It remains to enumerate the principal editions of the Greek 
text and the published Latin versions which are based, wholly or 
partially, upon direct collation of the MSS. These are as follows, 
in addition to Gaurico’s and Tartaglia’s translations. 


1. The edztio princeps published at Basel in 1544 by Thomas 
Gechauff Venatorius under the title Archimedis opera quae quidem 
exstant omnia nunc primum graece et latine in lucem edita. Adiecta 
quoque sunt Hutocw Ascalonitae commentaria item graece et latine 
nunquam antea eacusa. The Greek text and the Latin version in 
this edition were taken from different sources, that of the Greek 
text being N*, while the translation was Joannes Regiomontanus’ 
revised copy (N°) of the Latin version made by Jacobus Cremo- 
nensis from the MS. of Pope Nicolas V. The revision by 
Regiomontanus was effected by the aid of (1) another copy of 
the same translation still extant, (2) other Greek MSS., one of 
which was probably V, while another may have been Valla’s MS. 
itself. 


2. <A translation by F. Commandinus (containing the following 
works, circult dimensio, de lineis sprralibus, gquadratura parabolae, 
de conoidibus et sphaeroidibus, de arenae numero) appeared at 
Venice in 1558 under the title Archimedis opera nonnulla in 
latinum conversa et commentariis illustrata. For this translation 
several MSS. were used, among which was V, but none preferable 
to those which we now possess. 


3. D. Rivault’s edition, Archimedis opera quae exstant graece 
et latine novis demonstr. et comment. illustr. (Paris, 1615), gives 
only the propositions in Greek, while the proofs are in Latin and 
somewhat retouched. Rivault followed the Basel editio princeps 
with the assistance of B. 


4, Torelli’s edition (Oxford, 1792) entitled “Apyiuydous ra ow- 
Copeva, peta tov Biroxiov “AcxaAwvirov dropvypdtwv, Archimedis 
quae supersunt omnia cum Hutocti Ascalonitae commentarius ex 
recensione J. Torelli Veronensis cum nova versione latina. Acced- 
unt lectiones variantes ex codd. Mediceo et Parisiensibus. Torelli 
followed the Basel editio princeps in the main, but also collated 
V. The book was brought out after Torelli’s death by Abram 
Robertson, who added the collation of five more MSS., F, A, B, C, D, 
with the Basel edition. The collation however was not well done, 
and the edition was not properly corrected when in the press. 
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5. Last of all comes the definitive edition of Heiberg (Archo- 
medis opera omnia cum commentariis Eutocii. HE codice Florentino 
recensuit, Latine wertit notisque iUlustrawt J. L. Heiberg. Leipzig, 
1880—1). 

The relation of all the MSS. and the above editions and trans- 
lations is well shown by Heiberg in the following scheme (with 
the omission, however, of his own edition) : 


Codex Uallae saec. 1rx—x 
eae 


Sie Se ae a 
Cod. Nicolai V EF Tartalea V B C 
ce. 1453 ce. 1491 a. 1543 saec, Xv c. 1500 a. 1544 
SSS | ——-—~ 
Cod. Tartaleae 11 Ed. Riualti 
a. 1615 
N® saec. xvI pied jee 
| A, D Commandinus 
Ed. Basil. 1544 saec. XVI 1558 
Torellius 1792 
ae EM ca 
Gauricus Cremonensis c. 1460 
Ao CC Tr 
Cod. Uenet. 327 N°, c. 1461 
saec. XV 


The remaining editions which give portions of Archimedes in 
Greek, and the rest of the translations of the complete works or 
parts of them which appeared before Heiberg’s edition, were not 
based upon any fresh collation of the original sources, though some 
excellent corrections of the text were made by some of the editors, 
notably Wallis and Nizze. The following books may be mentioned. 


Joh. Chr. Sturm, Des unvergleichlichen Archimedis Kunstbiicher, 
tibersetzt und erldutert (Nirnberg, 1670). This translation em- 
braced all the works extant in Greek and followed three years 
after the same author’s separate translation of the Sand-reckoner. 
It appears from Sturm’s preface that he principally used the edition 
of Rivault. 


Is. Barrow, Opera Archimedis, Apolloni Pergaer conicorum libri, 
Theodosu sphaerica methodo novo illustrata et demonstrata (London, 
1675). 

Wallis, Archimedis arenarius et dimensio circuli, Eutocit in hanc 
commentarw cum versione et notis (Oxford, 1678), also given 
in Wallis’ Opera, Vol. 111. pp. 509—546. 


Karl Friedr. Hauber, Archimeds zwei Biicher tiber Kugel und 


Cylinder. Ebendesselben Kreismessung. Uebersetzt mit Anmerkungen 
u. 8. w. begleitet (Tiibingen, 1798). 
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F. Peyrard, @uvres d’Archiméde, traduites littéralement, avec 
un commentaire, suivies d’un mémoire du traducteur, sur un nouveau 
marow ardent, et d’un autre mémoire de M. Delambre, sur Varith- 
métique des G'recs. (Second edition, Paris, 1808.) 

Ernst Nizze, Archimedes von Syrakus vorhandene Werke, aus dem 
Griechischen wibersetzt und mit erléuternden und kritischen Anmer- 
kungen begleitet (Stralsund, 1824). 


The MSS. give the several treatises in the following order. 

1. epi ogpaipas Kai kvdivdpov a f’, two Books On the Sphere 
and Cylinder. 

Kikhov pétpynos*, Measurement of a Circle. 

Tept Kwvoewdewv Kal cpaipoerdewy, On Conoids and Spheroids. 
mept éXixkwv, On Spirals. 


oR oe bo 


érimédwv icoppomidv a Bt, two Books On the Equilibrium 
of Planes. 


Yapupiryns, The Sand-reckoner. 


Tetpaywvicp.os mapaBodyjs (a name substituted later for that 
given to the treatise by Archimedes himself, which must 
undoubtedly have been rerpaywvopos tis tod dpboywviov 
Kovov tounst), Quadrature of the Parabola. 

To these should be added 


8. epi dyoupevwv §, the Greek title of the treatise On floating 
bodies, only preserved in a, Latin translation. 


* Pappus alludes (1. p. 312, ed. Hultsch) to the «dou wérpnors in the words 
év TH Tepl THs TOO KUKAOU Tepipepelas. 

+ Archimedes himself twice alludes to properties proved in Book 1. as 
demonstrated év rots unxavixots (Quadrature of the Parabola, Props. 6, 10). 
Pappus (vii1. p. 1034) quotes 7a Apxiujdous rept icoppomidv. The beginning of 
Book 1. is also cited by Proclus in his Commentary on Eucl. 1., p. 181, where the 
reading should be 700 a icoppomiay, and not rev dvicoppomusy (Hultsch). 

+ The name ‘ parabola’ was first applied to the curve by Apollonius. Archi- 
medes always used the old term ‘section of a right-angled cone.’ Cf. Eutocius 
(Heiberg, vol. 111., p. 342) dédecxrar év rp wepl THs TOD dpOoywvlov Kusvou ToMAs. 

§ This title corresponds to the references to the book in Strabo 1. p. 54 
(Apxiuhins év rots wept rav dxoupévwv) and Pappus vim. p. 1024 (ws ’Apximydns 
éxouuévors). The fragment edited by Mai has a longer title, mepi rwy tdarc 
épiotapévwr 7 rept Tar dxounévwv, where the first part corresponds to Tartaglia’s 
version, de insidentibus aquae, and to that of Commandinus, de iis quae vehun- 
tur in aqua. But Archimedes intentionally used the more general word vypév 
(fluid) instead of ¥dwp; and hence the shorter title mepl dxoupévwr, de iis quae 
in humido vehuntur (Torelli and Heiberg), seems the better. 
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The books were not, however, written in the above order ; and 
Archimedes himself, partly through his prefatory letters and partly 
by the use in later works of properties proved in earlier treatises, 
gives indications sufficient to enable the chronological sequence 
to be stated approximately as follows: 


1. On the equilibrium of planes, I. 
Quadrature of the Parabola. 

On the equilibrium of planes, II. 
On the Sphere and Cylinder, I, II. 
On Spirals. 

On Conoids and Spheroids. 

On floating bodies, 1, II. 
Measurement of a circle. 

. The Sand-reckoner. 


It should however be observed that, with regard to (7), no 
more is certain than that it was written after (6), and with regard 
to (8) no more than that it was later than (4) and before (9). 

In addition to the above we have a collection of Lemmas (Liber 
Assumptorum) which has reached us through the Arabic. The 
collection was first edited by S. Foster, Miscellanea (London, 1659), 
and next by Borelli in a book published at Florence, 1661, in 
which the title is given as Liber assumptorum Archimedis interprete 
Thebit ben Kora et exponente doctore Almochtasso Abilhasan. The 
Lemmas cannot, however, have been written by Archimedes in 
their present form, because his name is quoted in them more than 
once. The probability is that they were propositions collected by 
some Greek writer* of a later date for the purpose of elucidating 
some ancient work, though it is quite likely that some of the 
propositions were of Archimedean origin, e.g. those concerning 
the geometrical figures called respectively dpByrost (literally 


OD MHD ow wo 


* It would seem that the compiler of the Liber Asswmptorum must have 
drawn, to a considerable extent, from the same sources as Pappus. The 
number of propositions appearing substantially in the same form in both 
collections is, I think, even greater than has yet been noticed. Tannery (La 
Géométrie grecque, p. 162) mentions, as instances, Lemmas 1, 4, 5, 6; but it 
will be seen from the notes in this work that there are several other coin- 
cidences. 

+ Pappus gives (p. 208) what he calls an ‘ancient proposition’ (dpyata 
mpétacts) about the same figure, which he describes as xwplov, 6 57 Kadodow 
dpBndrov. Cf. the note to Prop. 6 (p. 308). The meaning of the word is gathered 
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‘shoemaker’s knife’) and oddAwov (probably a ‘salt-cellar’*), and 
Prop. 8 which bears on the problem of trisecting an angle. 


from the Scholia to Nicander, Theriaca, 423: d&pBndou Néyovra Ta KvkdorEph 
adhpia, ols of okvroréuc ‘réuvovor kat stove. ra dépuara. Cf. Hesychius, 
dvdpBnra, Ta wh eeoudva Sépuara’ &pBnro. yap Ta ouiNla. 

* The best authorities appear to hold that in any case the name odAwov was 
not applied to the figure in question by Archimedes himself but by some later 
writer. Subject to this remark, I believe cd\wov to be simply a Graecised 
form of the Latin word salinum. We know that a salt-cellar was an essential 
part of the domestic apparatus in Italy from the early days of the Roman 
Republic. ‘All who were raised above poverty had one of silver which 
descended from father to son (Hor., Carm, 1. 16, 18, Liv. xxvi. 36), and 
was accompanied by a silver patella which was used together with the salt- 
cellar in the domestic sacrifices (Pers. 11. 24, 25). These two articles of 
silver were alone compatible with the simplicity of Roman manners in the 
early times of the Republic (Plin., H. N. xxxiu. § 153, Val. Max. rv. 4, § 3). 
...In shape the salinum was probably in most cases a round shallow bowl” 
[Dict. of Greek and Roman Antiquities, article salinum]. Further we have 
in the early chapters of Mommsen’s History of Rome abundant evidence 
of similar transferences of Latin words to the Sicilian dialect of Greek. Thus 
(Book 1., ch. xiii.) it is shown that, in consequence of Latino-Sicilian com- 
merce, certain words denoting measures of weight, libra, triens, quadrans, 
sextans, uncia, found their way into the common speech of Sicily in the third 
century of the city under the forms Nirpa, rpids, rerpas, é&Gs, ovyxla, Similarly 
Latin law-terms (ch. xi.) were transferred; thus mutuwm (a form of loan) 
became jotrov, carcer (a prison) xdpxapov. Lastly, the Latin word for lard, 
arvina, became in Sicilian Greek dpBlvn, and patina (a dish) rardvn. The last 
word is as close a parallel for the supposed transfer of salinum as could be 
wished. Moreover the explanation of od\wov as salinum has two obvious 
advantages in that (1) it does not require any alteration in the word, and 


(2) the resemblance of the lower curve to an ordinary type of salt-cellar is 
evident. I should add, as confirmation of my hypothesis, that Dr A. 8. Murray, 
of the British Museum, expresses the opinion that we cannot be far wrong in 
accepting as a salinum one of the small silver bowls in the Roman ministerium 
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Archimedes is further credited with the authorship of the 
Cattle-problem enunciated in the epigram edited by Lessing in 
1773. According to the heading prefixed to the epigram it was 
communicated by Archimedes to the mathematicians at Alexandria 
in a letter to Eratosthenes*. There is also in the Scholia to Plato’s 
Charmides 165 § a reference to the problem “called by Archimedes 
the Cattle-problem” (7d xAnOev im’ ’Apxinydous Boerxov mpoBAnua). 
The question whether Archimedes really propounded the problem, 
or whether his name was only prefixed to it in order to mark the 
extraordinary difficulty of it, has been much debated. A complete 
account of the arguments for and against is given in an article 
by Krumbiegel in the Zeitschrift fiir Mathematik und Physik 
(Hist. litt. Abtheilwng) xxv. (1880), p. 121 sq., to which Amthor 
added (bid. p. 153 sq.) a discussion of the problem itself. The 
general result of Krumbiegel’s investigation is to show (1) that 


at the Museum which was found at Chaourse (Aisne) in France and is of a 
section sufficiently like the curve in the Salinon. 

The other explanations of o4\.vov which have been suggested are as follows. 

(1) Cantor connects it with cados, ‘‘das Schwanken des hohen Meeres,” 
and would presumably translate it as wave-line. But the resemblance is 
not altogether satisfactory, and the termination -wov would need explanation. 

(2) Heiberg says the word is ‘‘sine dubio ab Arabibus deprauatum,” and 
suggests that it should be cé\wov, parsley (‘‘ex similitudine frondis apii”). 
But, whatever may be thought of the resemblance, the theory that the word is 
corrupted is certainly not supported by the analogy of &p8ydos which is correctly 
reproduced by the Arabs, as we know from the passage of Pappus referred to in 
the last note. 

(3) Dr Gow suggests that oddwov may be a ‘sieve,’ comparing cddagk. But 
this guess is not supported by any evidence. 

* The heading is, IIpd8\nua 8rrep ’Apxeuwndns év éemvypdpuacw evpdy trois év 
*AreEavdpela mepl Taira mpayyarevouevors (nretv améoreriev ev TH Tpds Hparocbéyny 
tov Kupnvatov émoro\n. Heiberg translates this as ‘the problem which 
Archimedes discovered and sent in an epigram...in a letter to Eratosthenes.” 
He admits however that the order of words is against this, as is also the use of 
the plural émiypdypaow. It is clear that to take the two expressions év 
émvypappaow and év émitohy as both following dwécre:\ev is very awkward. In 
fact there seems to be no alternative but to translate, as Krumbiegel does, in 
accordance with the order of the words, ‘‘a problem which Archimedes found 
among (some) epigrams and sent...in his letter to Eratosthenes”; and this sense 
is certainly unsatisfactory. Hultsch remarks that, though the mistake mpay- 
parouuévors for mpayyarevouévors and the composition of the heading as a whole 
betray the hand of a writer who lived some centuries after Archimedes, yet he 
must have had an earlier source of information, because he could hardly have 
invented the story of the letter to Eratosthenes. 
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the epigram can hardly have been written by Archimedes in its 
present form, but (2) that it is possible, nay probable, that the 
problem was in substance originated by Archimedes. Hultsch* has 
an ingenious suggestion as to the occasion of it. It is known that 
Apollonius in his wxvroxov had calculated a closer approximation to 
the value of z than that of Archimedes, and he must therefore have 
worked out more difficult multiplications than those contained in 
the Measurement of a circle. Also the other work of Apollonius 
on the multiplication of large numbers, which is partly preserved 
in Pappus, was inspired by the Sand-reckoner of Archimedes ; and, 
though we need not exactly regard the treatise of Apollonius as 
polemical, yet it did in fact constitute a criticism of the earlier 
book. Accordingly, that Archimedes should then reply with a 
problem which involved such a manipulation of immense numbers 
as would be difficult even for Apollonius is not altogether outside 
the bounds of possibility. And there is an unmistakable vein of 
satire in the opening words of the epigram “Compute the number 
of the oxen of the Sun, giving thy mind thereto, if thou hast a 
share of wisdom,” in the transition from the first part to the 
second where it is said that ability to solve the first part would 
entitle one to be regarded as “not unknowing nor unskilled in 
numbers, but still not yet to be numbered among the wise,” and 
again in the last lines. Hultsch concludes that in any case the 
problem is not much later than the time of Archimedes and dates 
from the beginning of thé 2nd century B.c. at the latest. 

Of the extant books it is certain that in the 6th century A.D. 
only three were generally known, viz. On the Sphere and Cylinder, 
the Measurement of a circle, and On the equilibrium of planes. Thus 
Eutocius of Ascalon who wrote commentaries on these works only 
knew the Quadrature of the Parabola by name and had never seen 
it nor the book On Spirals. Where passages might have been 
elucidated by references to the former book, Eutocius gives ex- 
planations derived from Apollonius and other sources, and he 
speaks vaguely of the discovery of a straight line equal to the 
circumference of a given circle “by means of certain spirals,” 
whereas, if he had known the treatise On Spirals, he would have 
quoted Prop. 18. There is reason to suppose that only the three 
treatises on which Eutocius commented were contained in the 


* Pauly-Wissowa’s Real-Encyclopidie, 11. 1, pp. 534, 5. 
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ordinary editions of the time such as that of Isidorus of Miletus, 
the teacher of Eutocius, to which the latter several times alludes. 

In these circumstances the wonder is that so many more books 
have survived t6 the present day. As it is, they have lost to a 
considerable extent their original form. Archimedes wrote in the 
Dorie dialect*, but in the best known books (On the Sphere and 
Cylinder and the Measurement of a circle) practically all traces 
of that dialect have disappeared, while a partial loss of Doric forms 
has taken place in other books, of which however the Sand- 
reckoner has suffered least. Moreover in all the books, except the 
Sand-reckoner, alterations and additions were first of all made by 
an interpolator who was acquainted with the Doric dialect, and 
then, at a date subsequent to that of Eutocius, the book On the 
Sphere and Cylinder and the Measurement of a circle were completely 
recast. 

Of the lost works of Archimedes the following can be identified. 


1. Investigations relating to polyhedra are referred to by 
Pappus who, after alluding (v. p. 352) to the five regular polyhedra, 
gives a description of thirteen others discovered by Archimedes 
which are semi-regular, being contained by polygons equilateral 
and equiangular but not similar. 


2. A book of arithmetical content, entitled apyai Principles 
and dedicated to Zeuxippus. We learn from Archimedes himself 
that the book dealt with the naming of numbers (xatovopaéis tav 
apiOyav)t and expounded a system of expressing numbers higher 


* Thus Eutocius in his commenta®y on Prop. 4 of Book 1. On the Sphere 
and Cylinder speaks of the fragment, which he found in an old book and which 
appeared to him to be the missing supplement to the proposition referred to, 
as ‘‘preserving in part Archimedes’ favourite Doric dialect” (é uépe dé rhv 
"Apxiunder Pinv Awplda yAeooav aréowfov). From the use of the expression év 
uépe. Heiberg concludes that the Doric forms had by the time of Eutocius 
begun to disappear in the books which have come down to us no less than in 
the fragment referred to. 

+ Observing that in all the references to this work in the Sand-reckoner 
Archimedes speaks of the naming of numbers or of numbers which are named or have 
their names (api0pu0l Karwvouacuevor, Ta dvduara exovres, Tay KaTovonatlay éxovTes), 
Hultsch (Pauly-Wissowa’s Real-Encyclopidie, 1.1, p. 511) speaks of xarovd- 
pakts Tuv dpOucy as the name of the work; and he explains the words twas trav 
éy apxais <dpOuav> rev karovouatlay éxdvTwy as meaning ‘‘some of the 
numbers mentioned at the beginning which have a special name,” where “at 
the beginning” refers to the passage in which Archimedes first mentions réy 
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than those which could be expressed in the ordinary Greek no- 
tation. This system embraced all numbers up to the enormous 
figure which we should now represent by a 1 followed by 80,000 
billion ciphers ; and, in setting out the same system in the Sand- 
reckoner, Archimedes explains that he does so for the benefit of 
those who had not had the opportunity of seeing the earlier work 
addressed to Zeuxippus. 


3. epi Lvyav, On balances or levers, in which Pappus says (VIII. 
p. 1068) that Archimedes proved that “greater circles overpower 
(karaxparoter) lesser circles when they revolve about the same 
centre.” It was doubtless in this book that Archimedes proved 
the theorem assumed by him in the Quadrature of the Parabola, 
Prop. 6, viz. that, if a body hangs at rest from a point, the centre 
of gravity of the body and the point of suspension are in the same 
vertical line. 


4. xevtpoBapixa, On centres of gravity. This work is mentioned 
by Simplicius on Aristot. de caelo 11. (Scholia in Arist. 508 a 30). 
Archimedes may be referring to it when he says (On the equilibrowm 
of planes 1. 4) that it has before been proved that the centre of 
gravity of two bodies taken together lies on the line joining the 
centres of gravity of the separate bodies. In the treatise On 
floating bodies Archimedes assumes that the centre of gravity of a 
segment of a paraboloid of revolution is on the axis of the segment 
at a distance from the wertex equal to grds of its length. This 
may perhaps have been proved in the xevrpoBapixd, if it was 
not made the subject of a separate work. 

Doubtless both the zepi luyav and the kevrpoBapixa preceded 
the extant treatise On the equilibrium of planes. 


5. xKaromrpika, an optical work, from which Theon (on Ptolemy, 
Synt. i. p. 29, ed. Halma) quotes a remark about refraction. 
Cf. Olympiodorus in Aristot. Meteor, u. p. 94, ed. Ideler. 


bd’ auav karwvomacuéevwn apiOuay Kai évdedouévww év Tots worl Levéirmov yeypap- 
pévas. But év dpxats seems a less natural expression for ‘‘at the beginning” 
than é dpxq or kar’ dpxds would have been. Moreover, there being no 
participial expression except xarovouatiay éxévtwv to be taken with év dpxais in 
this sense, the meaning would be unsatisfactory; for the numbers are not 
named at the beginning, but only referred to, and therefore some word like 
elpnuévwv should have been used. For these reasons I think that Heiberg, 
Cantor and Susemihl are right in taking dpyal to be the name of the treatise. 
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6. epi cdaporotias, On sphere-making, a mechanical work on 
the construction of a sphere representing the motions of the 
heavenly bodies as already mentioned (p. xxi). 


7. édddwv, a Method, noticed by Suidas, who says that Theo- 
dosius wrote a commentary on it, but gives no further information 
about it. 


8. According to Hipparchus Archimedes must have written 
on the Calendar or the length of the year (cf. p. xxi). 


Some Arabian writers attribute to Archimedes works (1) On 
a heptagon in a circle, (2) On circles touching one another, (3) On 
parallel lines, (4) On triangles, (5) On the properties of right- 
angled triangles, (6) a book of Data; but there is no confirmatory 
evidence of his having written such works. A book translated 
into Latin from the Arabic by Gongava (Louvain, 1548) and en- 
titled antiqui scriptoris de speculo comburente concavitatis parabolae 
cannot be the work of Archimedes, since it quotes Apollonius. 


CHAPTER III. 
THE RELATION OF ARCHIMEDES TO HIS PREDECESSORS. 


AN extraordinarily large proportion of the subject matter of 
the writings of Archimedes represents entirely new discoveries of 
his own. Though his range of subjects was almost encyclopaedic, 
embracing geometry (plane and solid), arithmetic, mechanics, hydro- 
statics and astronomy, he was no compiler, no writer of text- 
books ; and in this respect he differs even from his great successor 
Apollonius, whose work, like that of Euclid before him, largely 
consisted of systematising and generalising the methods used, and 
the results obtained, in the isolated efforts of earlier geometers. 
There is in Archimedes no mere working-up of existing materials ; 
his objective is always some new thing, some definite addition to 
the sum of knowledge, and his complete originality cannot fail 
to strike any one who reads his works intelligently, without any 
corroborative evidence such as is found in the introductory letters 
prefixed to most of them. These introductions, however, are emi- 
nently characteristic of the man and of his work ; their directness 
and simplicity, the complete absence of egoism and of any effort 
to magnify his own achievements by comparison with those of 
others or by emphasising their failures where he himself succeeded : 
all these things intensify the same impression. Thus his manner 
is to state simply what particular discoveries made by his pre- 
decessors had suggested to him the possibility of extending them 
in new directions; e.g. he says that, in connexion with the efforts 
of earlier geometers to square the circle and other figures, it 
occurred to him that no one had endeavoured to square a parabola, 
and he accordingly attempted the problem and finally solved it. 
In like manner, he speaks, in the preface of his treatise On the 
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Sphere and Cylinder, of his discoveries with reference to those 
solids as supplementing the theorems about the pyramid, the cone 
and the cylinder proved by Eudoxus. He does not hesitate to 
say that certain problems baffled him for a long time, and that 
the solution of some took him many years to effect; and in one 
place (in the preface to the book On Spirals) he positively insists, 
for the sake of pointing a moral, on specifying two propositions 
which he had enunciated and which proved on further investigation 
to be wrong. The same preface contains a generous eulogy of 
Conon, declaring that, but for his untimely death, Conon would 
have solved certain problems before him and would have enriched 
geometry by many other discoveries in the meantime. 

In some of his subjects Archimedes had no fore-runners, e.g. 
in hydrostatics, where he invented the whole science, and (so 
far as mathematical demonstration was concerned) in his me- 
chanical investigations. In these cases therefore he had, in laying 
the foundations of the subject, to adopt a form more closely re- 
sembling that of an elementary textbook, but in the later parts 
he at once applied himself to specialised investigations. 

Thus the historian. of mathematics, in dealing with Archimedes’ 
obligations to his predecessors, has a comparatively easy task before 
him. But it is necessary, first, to give some description of the use 
which Archimedes made of the general methods which had found 
acceptance with the earlier geometers, and, secondly, to refer to 
some particular results which he mentions as having been previously 
discovered and as lying at the root of his own investigations; or 
which he tacitly assumes as known. 


§1. Use of traditional geometrical methods. 


In my edition of the Conics of Apollonius*, I endeavoured, 
following the lead given in Zeuthen’s work, Die Lehre von den 
Kegelschnitten im Altertum, to give some account of what has been 
fitly called the geometrical algebra which played such an important 
part in the works of the Greek geometers. The two main methods 
included under the term were (1) the use of the theory of pro- 
portions, and (2) the method of application of areas, and it was 
shown that, while both methods are fully expounded in the Elements 
of Euclid, the second was much the older of the two, being 
attributed by the pupils of Eudemus (quoted by Proclus) to the 


* Apollonius of Perga, pp. ci sqq. 
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Pythagoreans. It was pointed out that the application of areas, 
as set forth in the second Book of Euclid and extended in the 
sixth, was made by Apollonius the means of expressing what he 
takes as the fundamental properties of the conic sections, namely 
the properties which we express by the Cartesian equations 


y? = pa, 
Pg raid 
SP Hee d a ) 
referred to any diameter and the tangent at its extremity as axes; 
and the latter equation was compared with the results obtained in the 


27th, 28th and 29th Props. of Euclid’s Book v1, which are equivalent 
to the solution, by geometrical means, of the quadratic equations 


b 
an+-2° =D. 
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It was also shown that Archimedes does not, as a rule, connect his 
description of the central conics with the method of application of 
areas, as Apollonius does, but that Archimedes generally expresses 
the fundamental property in the form of a proportion 


2 12 


©. 8, @. ay!” 
and, in the case of the ellipse, 
y? b? 
L. Ly i a?” 
where «, x, are the abscissae measured from the ends of the diameter 
of reference. 

It results from this that the application of areas is of much less 
frequent occurrence in Archimedes than in Apollonius. It is 
however used by the former in all but the most general form. The 
simplest form of “applying a rectangle” to a given straight line 
which shall be equal to a given area occurs e.g. in the proposition On 
the equilibrium of Planes 11. 1; and the same mode of expression 
is used (as in Apollonius) for the property y’= px in the parabola, 
pa being described in Archimedes’ phrase as the rectangle “ applied 
to” (raparirrov wapa) a line equal to p and “having at its width” 
(Adros éxyov) the abscissa (x). Then in Props. 2, 25, 26, 29 of the 
book On Conoids and Spheroids we have the complete expression 
which is the equivalent of solving the equation 

ax + x= b*, 


“let a rectangle be applied (to a certain straight line) exceeding by 
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a square figure (raparemrwxérw xwpiov brepBadAov cider TeTpaywve) 
and equal to (a certain rectangle).” Thus a rectangle of this sort 
has to be made (in Prop. 25) equal to what we have above called 
x.2, in the case of the hyperbola, which is the same thing as 
a(a+a) or ax+x*, where a is the length of the transverse axis. 
But, curiously enough, we do not find in Archimedes the application 
of a rectangle “falling short by a square figure,” which we should 
obtain in the case of the ellipse if we substituted «(a—~z) for w.a,. 
In the case of the ellipse the area ~.a, is represented (On Conoids 
and Spheroids, Prop. 29) as a gnomon which is the difference 
between the rectangle h.h, (where h, h, are the abscissae of the 
ordinate bounding a segment of an ellipse) and a rectangle applied 
to h,—-h and exceeding by a square figure whose side is h-—«; and 
the rectangle h.h, is simply constructed from the sides A, h,. Thus 
Archimedes avoids* the application of a rectangle falling short by a 
square, using for x. x, the rather complicated form 


h.h,—{(h,-h) (h—-2) + (h—-«a)*t. 
It is easy to see that this last expression is equal to x. a, for it 
reduces to 

h. hy - {hy (h — x) — x (h—«x)} 

=2(h,+h)—x’, 

=acv-—2x*, since h,+h=a, 

i Bin 

It will readily be understood that the transformation of rectangles 
and squares in accordance with the methods of Euclid, Book u, is 
just as important to Archimedes as to other geometers, and there is 
no need to enlarge on that form of geometrical algebra. 

The theory of proportions, as expounded in the fifth and sixth 
Books of Euclid, including the transformation of ratios (denoted by 
the terms componendo, dividendo, etc.) and the composition or 
multiplication of ratios, made it possible for the ancient geometers 
to deal with magnitudes in general and to work out relations 
between them with an effectiveness not much inferior to that: of 
modern algebra. Thus the addition and subtraction of ratios could 
be effected by procedure equivalent to what we should in algebra 


* The object of Archimedes was no doubt to make the Lemma in Prop. 2 
(dealing with the summation of a series of terms of the form a.rx+ (ra)?, where r 


successively takes the values 1, 2, 3,...) serve for the hyperboloid of revolution 
and the spheroid as well. 
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call bringing to a common denominator. Next, the composition or 
multiplication of ratios could be indefinitely extended, and hence 
the algebraical operations of multiplication and division found easy 
and convenient expression in the geometrical algebra, As a par- 
ticular case, suppose that there is a series of magnitudes in continued 
proportion (i.e. in geometrical progression) as a, a), M2, ... @,, 80 that 

& _ %-1 

AR eric agence 


We have then, by multiplication, 


a aN" a. ea: 
+= ) Ore mesa a, 
Gee XG, a, , 


It is easy to understand how powerful such a method as that of 
proportions would become in the hands of an Archimedes, and a few 
instances are here appended in order to illustrate the mastery with 
which he uses it. 


1. A good example of a reduction in the order of a ratio after 
the manner just shown is furnished by On the equilibrium of Planes 
u.10. Here Archimedes has a ratio which we will call a?/b?, where 
a?/6?=c/d; and he reduces the ratio between cubes to a ratio 
between straight lines by taking two lines x, y such that 


x 


a _d 
Gaye 


c= 

== 

“702? ¢ @ 

It follows 'from this that (<) Ra 
x d 

or 5 
Ss: 3 d 

and hence a (G) oy" aed 

ad 


2. In the last example we have an instance of the use of 
auxiliary fixed lines for the purpose of simplifying ratios and 
thereby, as it were, economising power in order to grapple the more 
successfully with a complicated problem. With the aid of such 
auxiliary lines or (what is the same thing) auxiliary fixed points in 
a figure, combined with the use of proportions, Archimedes is able to 
effect some remarkable eliminations. 

Thus in the proposition On the Sphere and Cylinder u1. 4 he obtains 
three relations connecting three as yet undetermined points, and 
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proceeds at once to eliminate two of the points, so that the problem 
is then reduced to finding the remaining point by means of one 
equation. Expressed in an algebraical form, the three original 
relations amount to the three equations 


3a-x% Yy 
Qa-x 2 
a+ea 8 


e Dasef- 
tags: 


z n 


and the result, after the elimination of y and z, is stated by 
Archimedes in a form equivalent to 


m+natx 4a? 
n a —(2a-—a)* 
Again the proposition On the equilibrium of Planes 11. 9 proves 


by the same method of proportions that, if a, b, c, d, x, y, are straight 
lines satisfying the conditions 


(i (ey 6 


a aaee (a>b>c>d) 
sd Oy LET be 
a-d 3(a—c)’ 
aor 2a+4b+6c+3d  y 
5a+10b+10c+5d > a-—c’ 
then x+y = 2a. 


The proposition is merely brought in as a subsidiary lemma to the 
proposition following, and is not of any intrinsic importance ; but a 
glance at the proof (which again introduces an auxiliary line) will 
show that it is a really extraordinary instance of the manipulation 
of proportions. 


3. Yet another instance is worth giving here. It amounts to 
the proof that, if 


Are yy 
at po) 


then 


Qat+ea 2a— 
a-— 


en ee ” y? (a +2) = 4ab?. 


x 


A, A’ are the points of contact of two parallel tangent planes to a 
spheroid ; the plane of the paper is the plane through 44’ and the 
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axis of the spheroid, and PP’ is the intersection of this plane with 
another plane at right angles to it (and therefore parallel to the 
tangent planes), which latter plane divides the spheroid into two 
segments whose axes are AW, A’. Another plane is drawn through 


the centre and parallel to the tangent plane, cutting the spheroid 
into two halves. Lastly cones are drawn whose bases are the 
sections of the spheroid by the parallel planes as shown in the 
figure. 

Archimedes’ proposition takes the following form [On Conoids 
and Spheroids, Props. 31, 32]. 

APP’ being the smaller segment of the two whose common base 
is the section through PP’, and x, y being the coordinates of P, 
he has proved in preceding propositions that 


(volume of) segment APP’ 2a+a 


(volume of) cone APP’ Saya aan ss (a); 
half spheroid ABB’. 
and TRB TNA eR Ee EI (B), 


and he seeks to prove that 
segment A’PP’ 2a-x 
cone A’PP") Laz! 
The method is as follows. 
cone ABB’ ay (ay a wv 


Ngee cone APP’ a-a y a—«% a@—a@' 
Zeta 
If we suppose ie (y), 


3 20 
the ratio of the cones becomes aa 
=a 
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Next, by hypothesis (a), 


cone APP’ _ a+ 
segmt. APP’ 2a+a° 


Therefore, ex aequali, 
cone ABB’ _ 20 
segmt. APP’ (a—2) (2a+2)" 
It follows from (8) that 
spheroid 42a 
segmt. APP’ (a—2) (2a+2)’ 
segmt. A’PP’ 42a — (a—«) (2a+2@) 


pacts segmt. APP’ (a—) (2a +a) 


_ %(2a-2)+(2a+a)(z—-a—a) 
(a—«) (2a + x) 


Now we have to obtain the ratio of the segment A’PP’ to the cone 
A’PP’, and the comparison between the segment APP’ and the cone 
A’PP’ is made by combining two ratios ex aequali. Thus 


segmt. APP’ 2a+2 
cone APP’ ata’ pres 
cone APP’ a-«x 


oo cone A’PP’ a+’ 


Thus combining the last three proportions, ex aequali, we have 


segmt. A’'PP’  2z(2a—ax) +(2a +a) (z-a—2) 
cone A’PP’ — a? + 2ax + x? 


_ 2 (2a—2)+(2a + x)(z—a—2) 
z(a—x)+(2a+x) x 


’ 


since a’ =2z(a—«), by (y). 


[The object of the transformation of the numerator and denominator 
of the last fraction, by which z(2a—«) and z(a—z) are made the 


P . 2a—x . 
first terms, is now obvious, because is the fraction which 


Archimedes wishes to arrive at, and, in order to prove that the 
required ratio is equal to this, it is only necessary to show that 


2a—-a% 2z—(a—2x) 
a—x a ‘] 
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Noe 2a-@ 4 a 
a—x a-—« 
z 
=1+4, by (y), 
_at% 
= @ 
tee (0 2) 


(dividendo), 


1, ME Ooms 
so that oe = 
: cone A’PP’ a—-x2- 


4. One use by Euclid of the method of proportions deserves 
mention because Archimedes does not use it in similar circumstances. 
Archimedes (Quadrature of the Parabola, Prop. 23) sums a particular 
geometric series 

a+a(4)+a(4)?+...+a(4)" 
in a manner somewhat similar to that of our text-books, whereas 
Euclid (1x. 35) sums any geometric series of any number of terms by 
means of proportions thus. 


Suppose a), dg, ...Gny Any, to be (n+1) terms of a geometric 
series in which a,,, is the greatest term. Then 


Anti Uy Uy_y __ a, 
Uy An _1 An_» ay 
< 
Therefore G41 ~ An _ In — U1 et 
On, Gn _1 Qa, 


Adding all the antecedents and all the consequents, we have 


Ansys — UG A, — 


Ot gt Gg tir +Gq, 


b] 


which gives the sum of n terms of the series. 


§2. Earlier discoveries affecting quadrature and cuba- 
ture. 

Archimedes quotes the theorem that circles are to one another as 
the squares on their diameters as having being proved by earlier 
geometers, and he also says that it was proved by means of a certain 
lemina which he states as follows: “Of unequal lines, unequal 
surfaces, or unequal solids, the greater exceeds the less by such a 
magnitude as is capable, if added [continually] to itself, of exceeding 
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any given magnitude of those which are comparable with one another 
(rdv mpos GdAnda Aeyouévwr).” We know that Hippocrates of Chios 
proved the theorem that circles are to one another as the squares on 
their diameters, but no clear conclusion can be established as to the 
method which he used. On the other hand, Eudoxus (who is 
mentioned in the preface to The Sphere and Cylinder as having 
proved two theorems in solid geometry to be mentioned presently) 
is generally credited with the invention of the method of exhaustion 
by which Euclid proves the proposition in question in xu. 2. The 
lemma stated by Archimedes to have been used in the original proof 
is not however found in that form in Euclid and is not used in the 
proof of x11. 2, where the lemma used is that proved by him in 
x. 1, viz. that “Given two unequal magnitudes, if from the greater 
[a part] be subtracted greater than the half, if from the remainder 
[a part] greater than the half be subtracted, and so on continually, 
there will be left some magnitude which will be less than the lesser 
given magnitude.” This last lemma is frequently assumed by 
Archimedes, and the application of it to equilateral polygons in- 
scribed in a circle or sector in the manner of x1. 2 is referred to as 
having been handed down in the Elements*, by which it is clear 
that only Euclid’s Hlements can be meant. The apparent difficulty 
caused by the mention of éwo lemmas in connexion with the theorem 
in question can, however, I think, be explained by reference to 
the proof of x. 1 in Euclid. He there takes the lesser magnitude 
and says that it is possible, by multiplying it, to make it some time 
exceed the greater, and this statement he clearly bases on the 4th 
definition of Book v. to the effect that “ magnitudes are said to bear 
a ratio to one another, which can, if multiplied, exceed one another.” 
Since then the smaller magnitude in x. 1 may be regarded as the 
difference between some two unequal magnitudes, it is clear that the 
lemma first quoted by Archimedes is in substance used to prove the 
lemma in x. 1 which appears to play so much larger a part in the in- 
vestigations in quadrature and cubature which have come down to us. 

The two theorems which Archimedes attributes to Eudoxus 
by namet are 


(1) that any pyramid is one third part of the prism which has 
the same base as the pyramid and equal height, and 


* On the Sphere and Cylinder, t. 6. 
+ ibid. Preface. 
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(2) that any cone is one third part of the cylinder which has 
the same base as the cone and equal height. 

The other theorems in solid geometry which Archimedes quotes 
as having been proved by earlier geometers are*: 

(3) Cones of equal height are in the ratio of their bases, and 
conversely. 

(4) If a cylinder be divided by a plane parallel to the base, 
cylinder is to cylinder as axis to axis. 

(5) Cones which have the same bases as cylinders and equal 
height with them are to one another as the cylinders. 


(6) The bases of equal cones are reciprocally proportional to 
their heights, and conversely. 

(7) Cones the diameters of whose bases have the same ratio as 
their axes are in the triplicate ratio of the diameters of their bases. 


In the preface to the Quadrature of the Parabola he says 
that earlier geometers had also proved that 


(8) Spheres have to one another the triplicate ratio of their 
diameters ; and he adds that this proposition and the first of those 
which he attributes to Eudoxus, numbered (1) above, were proved 
by means of the same lemma, viz. that the difference between 
any two unequal magnitudes can be so multiplied as to exceed 
any given magnitude, while (if the text of Heiberg is right) the 
second of the propositions of Eudoxus, numbered (2), was proved 
by means of “a lemma similar to that aforesaid.” As a matter 
of fact, all the propositions (1) to (8) are given in Euclid’s twelfth 
Book, except (5), which, however, is an easy deduction from (2) ; 
and (1), (2), (3), and (7) all depend upon the same lemma [x. 1] 
as that used in Eucl. xi. 2. 

The proofs of the above seven propositions, excluding (5), as 
given by Euclid are too long to quote here, but the following sketch 
will show the line taken in the proofs and the order of the propo- 
sitions. Suppose ABCD to be a pyramid with a triangular base, 
and suppose it to be cut by two planes, one bisecting AB, AC, 
AD in F, G, E respectively, and the other bisecting BC, BD, BA 
in H, K, F respectively. These planes are then each parallel to 
one face, and they cut off two pyramids each similar to the original 


* Lemmas placed between Props. 16 and 17 of Book 1. On the Sphere and 
Cylinder. 
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pyramid and equal to one another, while the remainder of the 
pyramid is proved to form two equal prisms which, taken together, 


are greater than one half of the original pyramid [xu 3]. It is 
next proved [x11. 4] that, if there are two pyramids with triangular 
bases and equal height, and if they are each divided in the 
manner shown into two equal pyramids each similar to the whole 
and two prisms, the sum of the prisms in one pyramid is to the 
sum of the prisms in the other in the ratio of the bases of the 
whole pyramids respectively. Thus, if we divide in the same 
manner the two pyramids which remain in each, then all 
the pyramids which remain, and so on continually, it follows 
on the one hand, by x. 1, that we shall ultimately have 
pyramids remaining which are together less than any assigned 
solid, while on the other hand the sums of all the prisms 
resulting from the successive subdivisions are in the ratio_ of 
the bases of the original pyramids. Accordingly Euclid is able 
to use the regular method of exhaustion exemplified in x11. 2, 
and to establish the proposition [x11. 5] that pyramids with the 
same height and with triangular bases are to one another as their 
bases. The proposition is then extended [x1. 6] to pyramids with the 
same height and with polygonal bases. Next (x1. 7] a prism with 
a triangular base is divided into three pyramids which are shown 
to be equal by means of x11. 5; and it follows, as a corollary, that 
any pyramid is one third part of the prism which has the same 
base and equal height. Again, two similar and similarly situated 
pyramids are taken and the solid parallelepipeds are completed, 
which are then seen to be six times as large as the pyramids 
respectively ; and, since (by x1. 33) similar parallelepipeds are in 
the triplicate ratio of corresponding sides, it follows that the same 
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is true of the pyramids [x1. 8]. A corollary gives the obvious 
extension to the case of similar pyramids with polygonal bases, 
The proposition [x11 9] that, in equal pyramids with triangular 
bases, the bases are reciprocally proportional to the heights is 
proved by the same method of completing the parallelepipeds and 
using x1. 34; and similarly for the converse. It is next proved 
[x11. 10] that, if in the circle which is the base of a cylinder a 
square be described, and then polygons be successively described 
_by bisecting the ares remaining in each case, and so doubling the 
number of sides, and if prisms of the same height as the cylinder 
be erected on the square and the polygons as bases respectively, 
the prism with the square base will be greater than half the 
cylinder, the next prism will add to it more than half of the 
remainder, and so on. And each prism is triple of the pyramid with 
the same base and altitude. Thus the same method of exhaustion 
as that in x1I. 2 proves that any cone is one third part of the 
cylinder with the same base and equal height. Exactly the same 
method is used to prove [x11. 11] that cones and cylinders which 
have the same height are to one another as their bases, and 
[x11. 12] that similar cones and cylinders are to one another in 
the triplicate ratio of the diameters of their bases (the latter 
proposition depending of course on the similar proposition xu. 8 
for pyramids). The next three propositions are proved without 
fresh recourse to x. 1. Thus the criterion of equimultiples laid 
down in Def. 5 of Book v. is used to prove [xu. 13] that, if a 
cylinder be cut by a plane parallel to its bases, the resulting 
cylinders are to one another as their axes. It is an easy deduction 
[xu1. 14] that cones and cylinders which have equal bases are 
proportional to their heights, and [xu. 15] that in equal cones 
and cylinders the bases are reciprocally proportional to the heights, 
and, conversely, that cones or cylinders having this property are 
equal. Lastly, to prove that spheres are to one another in the 
triplicate ratio of their diameters [xu. 18], a new procedure is 
adopted, involving two preliminary propositions. In the first of 
these [x11. 16] it is proved, by an application of the usual lemma 
x. l, that, if two concentric circles are given (however nearly 
equal), an equilateral polygon can be inscribed in the outer circle 
whose sides do not touch the inner; the second proposition [x11. 17] 
uses the result of the first to prove that, given two concentric 
spheres, it is possible to inscribe a certain polyhedron in the outer 
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so that it does not anywhere touch the inner, and a corollary adds 
the proof that, if a similar polyhedron be inscribed in a second 
sphere, the volumes of the polyhedra are to one another in the 
triplicate ratio of the diameters of the respective spheres. This 
last property is then applied [xu. 18] to prove that spheres are 
in the triplicate ratio of their diameters. 


§ 3. Conic Sections. 


In my edition of the Conics of Apollonius there is a complete 
account of all the propositions in conics which are used by Archi- 
medes, classified under three headings, (1) those propositions 
which he expressly attributes to earlier writers, (2) those which 
are assumed without any such reference, (3) those which appear to 
represent new developments of the theory of conics due to Archi- 
medes himself. As all these properties will appear in this 
volume in their proper places, it will suffice here to state only 
such propositions as come under the first heading and a few under 
the second which may safely be supposed to have been previously 
known. 

Archimedes says that the following propositions “are proved 
in the elements of conics,” i.e. in the earlier treatises of Euclid 
and Aristaeus. 


1. In the parabola 


(a) if PV be the diameter of a segment and QVq the 
chord parallel to the tangent at P, then QV=Vq; 


(6) if the tangent, at @ meet VP produced in 7’, then 
Hed aS FA bes 

(c) if two chords QVq, Q'V’q’ each parallel to the tangent 
at P meet the diameter PV in V, V’ respectively, 


BY SP VEZ OV RO Ae 


2. If straight lines drawn from the same point touch any 
conic secteon whatever, and if two chords parallel to the respective 
tangents intersect one another, then the rectangles under the 
segments of the chords are to one another as the squares on the 
parallel tangents respectively. 


3. The following proposition is quoted as proved “in the conics.” 
If in a parabola p, be the parameter of the principal ordinates, 
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QQ’ any chord not perpendicular to the axis which is bisected in V” 
by the diameter PV, p the parameter of the ordinates to PV, and 
if QD be drawn perpendicular to PV, then 

OVS OD = pip. 

[On Conoids and Spheroids, Prop. 3, which see.] 

The properties of a parabola, PV?=p,.AN, and QV*=p.PYV, 
were already well known before the time of Archimedes. In fact 
.the former property was used by Menaechmus, the discoverer of 
conic sections, in his duplication of the cube. 


It may be taken as certain that the following properties of the 
ellipse and hyperbola were proved in the Conics of Euclid. 


1. For the ellipse 
WN TAN A ely No AW aN =O oe CA™ 
and QUE EV EV O Vout PV ee ote DCP 
(Either proposition could in fact be derived from the proposition 
about the rectangles under the segments of intersecting chords 
above referred to.) 


2. For the hyperbola 
PN UN SAN SPIN: ANON 
and OVALE Vy. OP Vere Poy 
though in this case the’ absence of the conception of the double 
hyperbola as one curve (first found in Apollonius) prevented Euclid, 


and Archimedes also, from equating the respective ratios to those 
of the squares on the parallel semidiameters. 


3. In a hyperbola, if P be any point on the curve and PA&, 
PL be each drawn parallel to one asymptote and meeting the 
other, 

PK. PL =(const.) 
This property, in the particular case of the rectangular hyperbola, 
was known to Menaechmus. 

It is probable also that the property of the subnormal of the 
parabola (VG'=4p,) was known to Archimedes’ predecessors. It 
is tacitly assumed, On floating bodies, 11. 4, etc. 

From the assumption that, in the hyperbola, A7’< AW (where 
N is the foot of the ordinate from P, and 7 the point in which the 
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tangent at P meets the transverse axis) we may perhaps infer 
that the harmonic property 


TPR Pes PV SE 
or at least the particular case of it, 
Ta TA =AN AN, 


was known before Archimedes’ time. 

Lastly, with reference to the genesis of conic sections from 
cones and cylinders, Euclid had already stated in his Phaenomena 
that, “if a cone or cylinder be cut by a plane not parallel to the 
base, the resulting section is a section of an acute-angled cone 
{an ellipse] which is similar to a 6vpeds.” Though it is not probable 
that Euclid had in mind any other than a right cone, the statement 
should be compared with On Conoids and Spheroids, Props. 7, 8, 9. 


§4. Surfaces of the second degree. 


Prop. 11 of the treatise On Conoids and Spheroids states without 
proof the nature of certain plane sections of the conicoids of revo- 
lution. Besides the obvious facts (1) that sections perpendicular 
to the axis of revolution are circles, and (2) that sections through 


the axis are the same as the generating conic, Archimedes asserts 
the following. 


1, In a paraboloid of revolution any plane section parallel to 
the axis is a parabola equal to the generating parabola. 


2. In a hyperboloid of revolution any plane section parallel 
to the axis is a hyperbola similar to the generating hyperbola. 


3. Ina hyperboloid of revolution a plane section through the 
vertex of the enveloping cone is a hyperbola which is not similar 
to the generating hyperbola. 


4. In any spheroid a plane section parallel to the axis is an 
ellipse similar to the generating ellipse. 


Archimedes adds that “the proofs of all these propositions 
are manifest (favepai).” The proofs may in fact be supplied as 
follows. 


1. Section of a paraboloid of revolution by a plane parallel 
to the axis. 
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Suppose that the plane of the paper represents the plane section 
through the axis AV which intersects the given plane section at right 
angles, and let A’O be the line of intersection. 
Let POP’ be any double ordinate to AW in the 
section through the axis, meeting A’O and AV 
at right angles in O, WV respectively. Draw A’M 
perpendicular to AW. 

Suppose a perpendicular drawn from O to 
-A’O in the plane of the given section parallel to 
the axis, and let y be the length intercepted by 
the surface on this perpendicular. 

Then, since the extremity of y is on the 
circular section whose diameter is PP’, 


v=FO. OF. 


If A’O =a, and if p is the principal parameter of the generating 
parabola, we have then 


y= PN*- ON? 
= PN*—A'M? 
=p (AN -AM) 
= pu, 


so that the section is a parabola equal to the generating parabola. 


2. Section of a hyperboloid of revolution by a plane parallel to 
the aats. 
Take, as before, the plane section through the axis which intersects 


the given plane section at right angles in A’O. Let the hyperbola 


lvi INTRODUCTION. 


PAP’ in the plane of the paper represent the plane section through 
the axis, and let C be the centre (or the vertex of the enveloping 
cone). Draw CC’ perpendicular to CA, and produce OA’ to meet it 
in C’. Let the rest of the construction be as before. 
Suppose that 
CASaC Aaa CO0=2, 
and let y have the same meaning as before. 
Then g=PO.0P =PN*=AM*. 
And, by the property of the original hyperbola, 
PN’ : CN?-CA?=A'M? : CM*—CA? (which is constant). 
Thus A’M?: CM?—CA?=PN? : CN?-CA? 
=PN?—-A'M’ : CN’?-CM 
SY ed, 


whence it appears that the section is a hyperbola similar to the 
original one. 


3. Section of a hyperboloid of revolution by a plane passing 
through the centre (or the vertex of the enveloping cone). 


I think there can be no doubt that Archimedes would have proved 
his proposition about this section by means of the same general 
property of conics which he uses to prove Props. 3 and 12—14 of 
the same treatise, and which he enunciates at the beginning of 
Prop. 3 as a known theorem proved in the ‘elements of conics,” viz. 
that the rectangles under the segments of intersecting chords are as 
the squares of the parallel tangents. 

Let the plane of the paper represent the plane section through 
the axis which intersects the given plane passing through the 
centre at right angles. Let C’A’O be the line of intersection, C 
being the centre, and A’ being the point where ('A’O meets the 
surface. Suppose CAMWN to be the axis of the hyperboloid, and 
POp, P'0'p' two double ordinates to it in the plane section through 
the axis, meeting C’'A’O in O, O’ respectively ; similarly let A’M be 
the ordinate from A’. Draw the tangents at A and 4’ to the 
section through the axis meeting in 7’, and let QOgq, Q'0’q’ be the 
two double ordinates in the same section which are parallel to the 
tangent at A’ and pass through O, O’ respectively. 

Suppose, as before, that y, y’ are the lengths cut off by the 
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surface from the perpendiculars at O and O’ to OC in the plane of 
the given section through CA’O, and that 


CO=2, CO'=2', CA=a, CA’ =a’. 


Then, by the property of the intersecting chords, we have, since 


Q0=049, 
PO {0p QO" = TA* STA? 


=O. 0 pt) O02 
Also YS TrOrnOp, yea POON; 
and, by the property of the hyperbola, 
Q07); 2? —a7=Q'0"? va? —a": 
It follows, ex aequali, that 
VE ROI BOG) PR EET Pn a (a), 
and therefore that the section is a hyperbola. 

To prove that this hyperbola is not similar to the generating 
hyperbola, we draw CC’ perpendicular to (4, and C’A’ parallel to 
CA meeting CC’ in C’ and Pp in U. 

If then the hyperbola (a) is similar to the original hyperbola, it 
must by the last proposition be similar to the hyperbolic section 
made by the plane through C''A’U at right angles to the plane of 
the paper. 

Now C0O?-—CA"=(C'U?-C0'A”)+(CC'+0U)?--CC” 

>C'U*—C'A”, 
and PO. Op<PU. Up. 
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Therefore PO. Op:CO0?-CA?<PU. Up: C'U?-C'A”, 


and it follows that the hyperbolas are not similar tee, 


4, Section of a spheroid by a plane parallel to the axis. 


That this is an ellipse similar to the generating ellipse can of 
course be proved in exactly the same way as theorem (2) above 
for the hyperboloid. 


* J think Archimedes is more likely to have used this proof than one on the 
lines suggested by Zeuthen (p. 421). The latter uses the equation of the 
hyperbola simply and proceeds thus. If y have the same meaning as above, 
and if the coordinates of P referred to CA, CC’ as axes be z, x, while those of O 
referred to the same axes are z, x’, we have, for the point P, 

A= Kiet a4) > 
where « is constant. 
Also, since the angle 4’CA is given, x’=az, where a is constant. 


Thus y?= a? — 2" =(k — a?) 22 — Ka. 
Now z is proportional to CO, being in fact equal to Vie and the equation 
becomes 
K-@ 
oo Bi CO KOM ene ne eatrentvoneenaer tea (1), 


which is clearly a hyperbola, since a2<k. 

Now, though the Greeks could have worked out the proof in a geometrical 
form equivalent to the above, I think that it is alien from the manner in which 
Archimedes regarded the equations to central conics. These he always expressed 
in the form of a proportion 


2 '2 b2 
Se of z fz a in the case of the ellipse | 5 


wnat en 
and never in the form of an equation between areas like that used by 
Apollonius, viz. 


yapas ta 


Moreover the occurrence of the two different constants and the necessity 
of expressing them geometrically as ratios between areas and lines respectively 
would have made the proof very long and complicated; and, as a matter of fact, 
Archimedes never does express the ratio y?/(x? — a?) in the case of the hyperbola 
in the form of a ratio between constant areas like b?/a. Lastly, when the 
equation of the given section through C.4’O was found in the form (1), assuming 
that the Greeks had actually found the geometrical equivalent, it would still 
have been held necessary, I think, to verify that 


al 2 
aa 


CA? = 


K-@ 
before it was finally pronounced that the hyperbola represented by the equation 
and the section made by the plane were one and the same thing. 
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We are now in a, position to consider the meaning of Archimedes’ 
remark that “the proofs of all these properties are manifest.” In 
the first place, it is not likely that ‘‘manifest” means “known” as 
having been proved by earlier geometers ; for Archimedes’ habit is 
to be precise in stating the fact whenever he uses important 
propositions due to his immediate predecessors, as witness his 
references to Eudoxus, to the Elements [of Euclid], and to the 
“elements of conics.” When we consider the remark with reference 
“to the cases of the sections parallel to the axes of the surfaces 
respectively, a natural interpretation of it is to suppose that 
Archimedes meant simply that the theorems are such as can easily 
be deduced from the fundamental properties of the three conics now 
expressed by their equations, coupled with the consideration that 
the sections by planes perpendicular to the axes are circles. But I 
think that this particular explanation of the ‘‘ manifest” character 
of the proofs is not so applicable to the third of the theorems 
stating that any plane section of a hyperboloid of revolution 
through the vertex of the enveloping cone but not through the axis 
is a hyperbola. This fact is indeed no more “manifest” in the 
ordinary sense of the term than is the like theorem about the 
spheroid, viz. that any section through the centre but not through 
the axis is an ellipse. But this latter theorem is not given along 
with the other in Prop. 11 as being “manifest”; the proof of it is 
included in the more geperal proposition (14) that any section of a 
spheroid not perpendicular to the axis is an ellipse, and that parallel 
sections are similar. Nor, seeing that the propositions are essen- 
tially similar in character, can I think it possible that Archimedes 
wished it to be understood, as Zeuthen suggests, that the proposition 
about the hyperboloid alone, and not the other, should be proved 
directly by means of the geometrical equivalent of the Cartesian 
equation of the conic, and not by means of the property of the 
rectangles under the segments of intersecting chords, used earlier 
[ Prop. 3] with reference to the parabola and later for the case of 
the spheroid and the elliptic sections of the conoids and spheroids 
generally. This is the more unlikely, I think, because the proof 
by means of the equation of the conic alone would present much 
more difficulty to the Greek, and therefore could hardly be called 
“manifest.” 

It seems necessary therefore to seek for another explanation, 
and I think it is the following. The theorems, numbered 1, 2, and 
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4 above, about sections of conoids and spheroids parallel to the axis 
are used afterwards in Props. 15—17 relating to tangent planes ; 
whereas the theorem (3) about the section of the hyperboloid by a 
plane through the centre but not through the axis is not used in 
connexion with tangent planes, but only for formally proving that a 
straight line drawn from any point on a hyperboloid parallel to any 
transverse diameter of the hyperboloid falls, on the convex side of 
the surface, without it, and on the concave side within it. Hence 
it does not seem so probable that the four theorems were collected 
in Prop. 11 on account of the use made of them later, as that they 
were inserted in the particular place with special reference to the 
three propositions (12—14) immediately following and treating of the 
elliptic sections of the three surfaces. The main object of the whole 
treatise was the determination of the volumes of segments of the 
three solids cut off by planes, and hence it was first necessary to 
determine all the sections which were ellipses or circles and therefore 
could form the bases of the segments. Thus in Props. 12-14 
Archimedes addresses himself to finding the elliptic sections, but, 
before he does this, he gives the theorems grouped in Prop. 11 by 
way of clearing the ground, so as to enable the propositions about 
elliptic sections to be enunciated with the utmost precision. Prop. 
11 contains, in fact, explanations directed to defining the scope of 
the three following propositions rather than theorems definitely 
enunciated for their own sake; Archimedes thinks it necessary to 
explain, before passing to elliptic sections, that sections perpen- 
dicular to the axis of each surface are not ellipses but circles, and 
that some sections of each of the two conoids are neither ellipses nor 
circles, but parabolas and hyperbolas respectively. It is as if he had 
said, ‘‘ My object being to find the volumes of segments of the three 
solids cut off by circular or elliptic sections, I proceed to consider 
the various elliptic sections ; but I should first explain that sections 
at right angles to the axis are not ellipses but circles, while sections 
of the conoids by planes drawn in a certain manner are neither 
ellipses nor circles, but parabolas and hyperbolas respectively. With 
these last sections I am not concerned in the next propositions, and 
I need not therefore cumber my book with the proofs ; but, as some 
of them can be easily supplied by the help of the ordinary properties 
of conics, and others by means of the methods illustrated in the 
propositions now about to be given, I leave them as an exercise for 
the reader.” This will, I think, completely explain the assumption 
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of all the theorems except that concerning the sections of a spheroid 
parallel to the axis; and I think this is mentioned along with the 
others for symmetry, and because it can be proved in the same way 
as the corresponding one for the hyperboloid, whereas, if mention of 
it had been postponed till Prop. 14 about the elliptic sections of a 
spheroid generally, it would still require a proposition for itself, since 
the axes of the sections dealt with in Prop. 14 make an angle with 
the axis of the spheroid and are not parallel to it. 

At the same time the fact that Archimedes omits the proofs of 
the theorems about sections of conoids and spheroids parallel to the 
axis as “manifest” is in itself sufficient to raise the presumption 
that contemporary geometers were familiar with the idea of three 
dimensions and knew how to apply it in practice. This is no matter 
for surprise, seeing that we find Archytas, in his solution of the 
problem of the two mean proportionals, using the intersection of a 
certain cone with a curve of double curvature traced on a right 
circular cylinder*. But, when we look for other instances of early 
investigations in geometry of three dimensions, we find practically 
nothing except a few vague indications as to the contents of a lost 
treatise of Euclid’s consisting of two Books entitled Swrface-loci 
(roro. mpos émupaveia)t. This treatise is mentioned by Pappus 
among other works by Aristaeus, Euclid and Apollonius grouped 
as forming the so-called rozos avadvopevost. As the other works in 
the list which were on pJane subjects dealt only with straight lines, 
circles and conic sections, it is a prior? likely that the swrface-loci of 


* Cf, Eutocius on Archimedes (Vol. 11. pp. 98—102), or Apollonius of Perga, 
pp. xxii.—xxiii. 

+ By this term we conclude that the Greeks meant ‘‘loci which are surfaces” 
as distinct from loci which are lines. Cf. Proclus’ definition of a locus as 
‘a position of a line or asurface involving one and the same property” 
(ypaumijs 7 emipavelas bors movodca év Kal ravrdv oliumrrTwpua), P. 394. Pappus 
(pp. 660—2) gives, quoting from the Plane Loci of Apollonius, a classification of 
loci according to their order in relation to that of which they are the loci. Thus, 
he says, loci are (1) épexrixol, i.e. fized, e.g. in this sense the locus of a point is 
a point, of a linea line, and so on; (2) dvefodixoi or moving along, a line being in 
this sense the locus of a point, a surface of a line, and a solid of a surface; 
(3) dvacrpogixol, turning backwards, i.e., presumably, moving backwards and 
forwards, a surface being in this sense the locus of a point, and a solid of a line. 
Thus a surface-locus might apparently be either the locus of a point or the 


locus of a line moving in space. 
+ Pappus, pp. 634, 636. 


lxii INTRODUCTION. 


Euclid included at least such loci as were cones, cylinders and 
spheres. Beyond this, all is conjecture based upon two lemmas 
given by Pappus in connexion with the treatise. 

First lemma. to the Surface-loci of Luchd*. 

The text of this lemma and the attached figure are not satisfac- 
tory as they stand, but they have been explained by Tannery in a 
way which requires a change in the figure, but only the very slightest 
alteration in the text, as follows ft. 

“Tf AB be a straight line and CD be parallel to a straight line 
given in position, and if the ratio 4D . DB: DC® be [given], the 
point C lies on a conic section. 

If now AB be no longer given in 
position and A, B be no longer 
given but lie on straight lines 

AE, HB given in position, the 
point C' raised above [the plane 
containing AZ, EB] is on a 
surface given in position. And 

this was proved.” 

According to this interpretation, it is asserted that, if AB moves 
with one extremity on each of the lines AH, HB which are fixed, 
while DC is in a fixed direction and 4D. DB: DC? is constant, 
then C' lies on a certain surface. So far as the first sentence is 
concerned, AB remains of constant length, but it is not made 
precisely clear whether, when AB is no longer given in position, its 
length may also vary§. If however AB remains of constant length 
for all positions which it assumes, the surface which is the locus of 
C would be a complicated one which we cannot suppose that Euclid 
could have profitably investigated. It may, therefore, be that 
Pappus purposely left the enunciation somewhat vague in order to 
make it appear to cover several surface-loci which, though belonging 
to the same type, were separately discussed by Euclid as involving 

* Pappus, p. 1004. 

+ Bulletin des sciences math., 2° Série, v1. 149. 

~ The words of the Greek text are yévyra 5é mpos Oéce evOeta Tats AK, EB, 
and the above translation only requires e’Oelas instead of evOeta. The figure in 
the text is so drawn that ADB, AEB are represented as two parallel lines, and 
CD is represented as perpendicular to 4DB and meeting AEB in E. 

§ The words are simply “if AB be deprived of its position (crepnOn rhs 


6écews) and the points dA, B be deprived of their [character of] being given” 
(orepnOn Tod Sobévros elvat). 


E 
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in each case somewhat different sets of conditions limiting the 
generality of the theorem. 

It is at least open to conjecture, as Zeuthen has pointed out*, 
that two cases of the type were considered by Euclid, namely, (1) 
that in which AB remains of constant length while the two fixed 
straight lines on which A, B respectively move are parallel instead 
of meeting in a point, and (2) that in which the two fixed straight 
lines meet in a point while AB moves always parallel to itself 
and varies in length accordingly. 

(1) In the first case, where the length of AB is constant and 
the two fixed lines parallel, we should have a surface described by a 
conic moving bodily+. This surface would be a cylindrical surface, 
though it would only have been called a “ cylinder” by the ancients 
in the case where the moving conic was an ellipse, since the essence 
of a “cylinder” was that it could be bounded between two parallel 
circular sections. If then the moving conic was an ellipse, it would 
not be difficult to find the circular sections of the cylinder; this 
could be done by first taking a section at right angles to the axis, 
after which it could be proved, after the manner of Archimedes, 
On Conoids and Spheroids, Prop. 9, first that the section is an ellipse 
or a circle, and then, in the former case, that a section made by 
a plane drawn at a certain inclination to the ellipse and passing 
through, or parallel to, the major axis is a circle. There was 
nothing to prevent Euclid from investigating the surface similarly 
generated by a moving hyperbola or parabola; but there would 
be no circular sections, and hence the surfaces might perhaps. not 
have been considered as of very great importance. 

(2) In the second case, where AZ, BE meet at a point and 
AB moves always parallel to itself, the surface generated is of 
course a cone. Some particular cases of this sort may easily have 
been discussed by Euclid, but he could hardly have dealt with the 
general case, where DC has any direction whatever, up to the 
point of showing that the surface was really a cone in the sense 
in which the Greeks understood the term, or (in other words) 
of finding the circular sections. To do this it would have been 
necessary to determine the principal planes, or to solve the dis- 


* Zeuthen, Die Lehre von den Kegelschnitten, pp. 425 sq. 
+ This would give a surface generated by a moving line, dveEodixds ypaymis 


as Pappus has it. 
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criminating cubic, which we cannot suppose Euclid to have done. 
Moreover, if Euclid had found the circular sections in the most 
general case, Archimedes would simply have referred to the fact 
instead of setting himself to do the same thing in the particular 
case where the plane of symmetry is given. These remarks apply 
to the case where the conic which is the locus of C is an ellipse ; 
there is still less ground for supposing that Euclid could have 
proved the existence of circular sections where the conic was a 
hyperbola, for there is no evidence that Euclid even knew that 
hyperbolas and parabolas could be obtained by cutting an oblique 
circular cone. 


Second lemma to the Surface-loci. 


In this Pappus states, and gives a complete proof of the propo- 
sition, that the locus of a point whose distance from a given point 
is in a gwen ratio to its distance from a fixed line is a conic 
section, which is un ellipse, a parabola, or a hyperbola according 
as the given ratio is less than, equal to, or greater than unity*. 
Two conjectures are possible as to the application of this theorem 
by Euclid in the treatise referred to. 


(1) Consider a plane and a straight line meeting it at any angle. 
Imagine any plane drawn at right angles to the straight line and 
meeting the first plane in another straight line which we will call 
X. If then the given straight line meets the plane at right angles 
to it in the point S, a conic can be described in that plane with 
S for focus and X for directrix ; and, as the perpendicular on X 
from any point on the conic is in a constant ratio to the per- 
pendicular from the same point on the original plane, all points 
on the conic have the property that their distances from S are in 
a given ratio to their distances from the given plane respectively. 
Similarly, by taking planes cutting the given straight line at right 
angles in any number of other points besides S, we see that the locus 
of a point whose distance from a given straight line is in a given 
ratio to its distance from a given plane is a cone whose vertex is 
the point in which the given line meets the given plane, while the 
plane of symmetry passes through the given line and is at right 
angles to the given plane. If the given ratio was such that the 
guiding conic was an ellipse, the circular sections of the surface 


* See Pappus, pp. 1006—1014, and Hultsch’s Appendix, pp. 1270—1273; or 
cf. Apollonius of Perga, pp. xxxvi.—xxxviii. 
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could, in that case at least, be found by the same method as 
that used by Archimedes (On Conoids and Spheroids, Prop. 8) in 
the rather more general case where the perpendicular from the 
vertex of the cone on the plane of the given elliptic section does 
not necessarily pass through the focus. 


(2) Another natural conjecture would be to suppose that, by 
means of the proposition given by Pappus, Euclid found the locus 
of a point whose distance from a given point is in a given ratio 
to its distance from a fixed plane. This would have given surfaces 
identical with the conoids and spheroids discussed by Archimedes 
excluding the spheroid generated by the revolution of an ellipse 
about the minor axis. We are thus brought to the same point as 
Chasles who conjectured that the Surfuce-loci of Euclid dealt with 
surfaces of revolution of the second degree and sections of the 
same*. Recent writers have generally regarded this theory as 
improbable. Thus Heiberg says that the conoids and spheroids 
were without any doubt discovered by Archimedes himself ; other- 
wise he would not have held it necessary to give exact definitions 
of them in his introductory letter to Dositheus; hence they could 
not have been the subject of Euclid’s treatiset. I confess I think 
that the argument of Heiberg, so far from being conclusive against 
the probability of Chasles’ conjecture, is not of any great weight. 
To suppose that Euclid found, by means of the theorem enunciated 
and proved by Pappus, the locus of a point whose distance from 
a given point is in a given ratio to its distance from a fixed plane 
does not oblige us to assume either that he gave a name to the 
loci or that he investigated them further than to show that sections 
through the perpendicular from the given point on the given plane 
were conics, while sections at right angles to the same perpendicular 
were circles ; and of course these facts would readily suggest them- 
selves. Seeing however that the object of Archimedes was to 
find the volumes of segments of each surface, it is not surprising 
that he should have preferred to give a definition of them which 
would indicate their form more directly than a description of them 
as loci would have done; and we have a parallel case in the dis- 
tinction drawn between conics as such and conics regarded as loci, 
which is illustrated by the different titles of Euclid’s Conics and 
the Solid Loci of Aristaeus, and also by the fact that Apollonius, 


* Apercu historique, pp. 273, 4. 
+ Litterargeschichtliche Studien tiber Euklid, p. 79. 
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though he speaks in his preface of some of the theorems in his 
Conics as useful for the synthesis of ‘solid loci’ and goes on to 
mention the ‘locus with respect to three or four lines,’ yet enun- 
ciates no proposition stating that the locus of such and such a point 
is a conic. There was a further special reason for defining the 
conoids and spheroids as surfaces described by the revolution of 
a conic about its axis, namely that this definition enabled Archi- 
medes to include the spheroid which he calls ‘flat’ (érirAard 
odaipoeidés), i.e. the spheroid described by the revolution of an 
ellipse about its minor axis, which is not one of the loci which 
the hypothesis assumes Euclid to have discovered. Archimedes’ 
new definition had the incidental effect of making the nature of 
the sections through and perpendicular to the axis of revolution 
even more obvious than it would be from Euclid’s supposed way 
of treating the surfaces; and this would account for Archimedes’ 
omission to state that the two classes of sections had been known 
before, for there would have been no point in attributing to Euclid 
the proof of propositions which, with the new definition of the 
surfaces, became self-evident. The further definitions given by 
Archimedes may be explained on the same principle. Thus the 
axis, as defined by him, has special reference to his definition of 
the surfaces, since it means the axis of revolution, whereas the 
axis of a conic is for Archimedes a diameter. The enveloping cone 
of the hyperboloid, which is generated by the revolution of the 
asymptotes about the axis, and the centre regarded as the point 
of intersection of the asymptotes were useful to Archimedes’ dis- 
cussion of the surfaces, but need not have been brought into 
Euclid’s description of the surfaces as loci. Similarly with the 
axis and vertex of a segment of each surface. And, generally, it 
seems to me that all the definitions given by Archimedes can be 
explained in like manner without prejudice to the supposed dis- 
covery of three of the surfaces by Euclid. 

I think, then, that we may still regard it as possible that 
Euclid’s Surface-locti was concerned, not only with cones, cylinders 
and (probably) spheres, but also (to a limited extent) with three 
other surfaces of revolution of the second degree, viz. the paraboloid, 
the hyperboloid and the prolate spheroid. Unfortunately however 
we are confined to the statement of possibilities; and certainty 
can hardly be attained unless as the result of the discovery of 
fresh documents. 
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§ 5. Two mean proportionals in continued proportion. 


Archimedes assumes the construction of two mean proportionals 
in two propositions (On the Sphere and Cylinder 1. 1, 5). Perhaps 
he was content to use the constructions given by Archytas, 
Menaechmus*, and Eudoxus. It is worth noting, however, that 
Archimedes does not introduce the two geometric means where 
they are merely convenient but not necessary ; thus, when (On the 


$ 
Sphere and Cylinder 1. 34) he has to substitute for a ratio () : 


where B>y, a ratio between lines, and it is sufficient for his 
NG 

purpose that the required ratio cannot be greater than (£) but 
Mf 


may be less, he takes two arithmetic means between 8, y, as 6, «¢, 
and then assumest as a known result that 


3 
ae 


* The constructions of Archytas and Menaechmus are given by Eutocius 
[Archimeées, Vol. 11. pp. 92—102]; or see Apollonius of Perga, pp. xix—xxiii. 

+ The proposition is proved by Eutocius; see the note to On the Sphere 
and Cylinder 1. 34 (p. 42). 


CHAPTER IV. 
ARITHMETIC IN ARCHIMEDES. 


Two of the treatises, the Measurement of a circle and the 
Sand-reckoner, are mostly arithmetical in content. Of the Sand- 
reckoner nothing need be said here, because the system for expressing 
numbers of any magnitude which it unfolds and applies cannot be 
better described than in the book itself; in the Measurement of a 
circle, however, which involves a great deal of manipulation of 
numbers of considerable size though expressible by means of the 
ordinary Greek notation for numerals, Archimedes merely gives the 
results of the various arithmetical operations, multiplication, extrac- 
tion of the square root, etc., without setting out any of the operations 
themselves. Various interesting questions are accordingly involved, 
and, for the convenience of the reader, I shall first give a short 
account of the Greek system of numerals and of the methods by 
which other Greek mathematicians usually performed the various 
operations included under the general term Aoyiortxy (the art of 
calculating), in order to lead up to an explanation (1) of the way in 
which Archimedes worked out approximations to the square roots of 
large numbers, (2) of his method of arriving at the two approximate 


values of /3 which he simply sets down without any hint as to how 
they were obtained*. 


* Tn writing this chapter I have been under particular obligations to Hultsch’s 
articles Arithmetica and Archimedes in Pauly-Wissowa’s Real-Encyclopddie, 11. 
1, as well as to the same scholar’s articles (1) Die Nadherungswerthe irrationaler 
Quadratwurzeln bei Archimedes in the Nachrichten von der kgl. Gesellschaft der 
Wissenschaften zu Gottingen (1893), pp. 367 sqq., and (2) Zur Kreismessung des 
Archimedes in the Zeitschrift fiir Math, u. Physik (Hist. litt. Abtheilung) xxxix. 
(1894), pp. 121 sqq. and 161 sqq. I have also made use, in the earlier part 
of the chapter, of Nesselmann’s work Die Algebra der Griechen and the histories 
of Cantor and Gow. 
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§ 1. Greek numeral system. 


It is well known that the Greeks expressed all numbers from 1 
to 999 by means of the letters of the alphabet reinforced by the 
addition of three other signs, according to the following scheme, in 
which however the accent on each letter might be replaced by a 
short horizontal stroke above it, as a. 

@, 8,75 0, €5.55%, 7, 0 are 1, 2, 3,°4,5, 6, 7, 8,9 respectively, 
beck NG Pee ie MOG LE ike i LO, 202 OU, licence 90 s 
PFs F Vy PX WO, Aig, 100, 200, 3003..4.5 900 > 

Intermediate numbers were expressed by simple juxtaposition 
(representing in this case addition), the largest number being placed 
on the left, the next largest following it, and so on in order. Thus 
the number 153 would be expressed by pry’ or pvy. There was no 
sign for zero, and therefore 780 was wz’, and 306 rs’ simply. 

Thousands (yAvddes) were taken as units of a higher order, and 
1,000, 2,000, ... up to 9,000 (spoken of as xiAvo1, duoxiAvor, k.T..) Were 
represented by the same letters as the first nine natural numbers 
but with a small dash in front and below the line; thus e.g. 6’ was 
4,000, and, on the same principle of juxtaposition as before, 1,823 was 
expressed by awxy’ or awxy, 1,007 by ag’, and so on. 

Above 9,999 came a myriad (uvpids), and 10,000 and higher 
numbers were expressed by using the ordinary numerals with the 
substantive pupiddes taken as a new denomination (though the words 
pdpro, Surprpior, tpicpvpro, x... are also found, following the 
analogy of yiArot, ducxiAvor and so on). Various abbreviations were 
used for the word pupids, the most common being M or Mv; and, 
where this was used, the number of myriads, or the multiple of 
10,000, was generally written over the abbreviation, though some- 


times before it and even after it. Thus 349,450 was M Ovv’ % 
Fractions (Aerra) were written in a variety of ways. The most 
usual was to express the denominator by the ordinary numeral with 
two accents affixed. When the numerator was unity, and it was 
therefore simply a question of a symbol for a single word such as 
* Diophantus denoted myriads followed by thousands by the ordinary signs 
for numbers of units, only separating them by a dot from the thousands. Thus 


for 3,069,000 he writes 7s.0, and Ay. aos for 331,776. Sometimes myriads 
were represented by the ordinary letters with two dots above, as p =100 myriads 
(1,000,000), and myriads of myriads with two pairs of dots, as ¢ for 10 myriad- 
myriads (1,000,000,000). 
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tpirov, 4, there was no need to express the numerator, and the 
symbol was y"; similarly ©” =4, ve”= ;, and so on. When the 
numerator was not unity and a certain number of fourths, fifths, 
etc., had to be expressed, the ordinary, numeral was used for the 
numerator ; thus 6’ wa”=,%, U oa”’=412. In Heron’s Geometry the 
denominator was written oe in the latter class of fractions; thus 


tt 


RT ae 


, / 
2 (800 méumra) was Bee", 23 (Aerra tTpiaxoordrpita Ky’ or eikoouTpia 


U 
TplakooTOTpLTa) was Ky 


b: Ay’. The sign for 4, jmov, is in 
Archimedes, Diophantus and Eutocius ”, in Heron C or a sign 
similar to a capital S*. 

A favourite way of expressing fractions with numerators greater 
than unity was to separate them into component fractions with 
numerator unity, when juxtaposition as usual meant addition. Thus 
2 was written L’d”’=$4+1; 13 was Cd’nic”=4+44+34+355 
Eutocius writes ”£8” or 4+, for 33, and so on. Sonetiues the 
same fraction was separated into several different sums; thus in 


Heron (p. 119, ed. Hultsch) 337 is variously expressed as 


(@) $+4+s¢+7te+sw 
(6) Vee ea 
and (c) $+4+ 


eitiiztsr 

Sexagesimal fractions. This system has to be mentioned because 
the only instances of the working out of some arithmetical operations 
which have been handed down to us are calculations expressed in 
terms of such fractions; and moreover they are of special interest 
as having much in common with the modern system of decimal 
fractions, with the difference of course that the submultiple is 60 
instead of 10. The scheme of sexagesimal fractions was used by the 
Greeks in astronomical calculations and appears fuily developed in 
the ovvragis of Ptolemy. The circumference of a circle, and along 
with it the four right angles subtended by it at the centre, are 
divided into 360 parts (ryu7a7a or potpac) or as we should say degrees, 
each potpa into 60 parts called (first) siwtieths, (para) énxoora, 
or minutes (Aerrd), each of these again into devrepa éEnxoard (seconds), 
and so on. A similar division of the radius of the circle into 60 

* Diophantus has a general method of expressing fractions which is the 
exact reverse of modern practice; the denominator is written above the 

Y KE Qa. Ws 


numerator, thus ¢=5/3, xa = 21/25, and pf. En =1,270,568/10,816. Some- 
times he writes down the numerator and then introduces the denominator 


with év woplw or poplou, e.g. Ts. 0 pop - hy. aos = 3,069,000/331,776. 
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parts (ruypara) was also made, and these were each subdivided into 
sixtieths, and so on. Thus a convenient fractional system was 
available for general arithmetical calculations, expressed in units of 
any magnitude or character, so many of the fractions which we 
should represent by 5, so many of those which we should write 
(so), (go), and so on to any extent. It is therefore not surprising 
that Ptolemy should say in one place “In general we shall use the 
method of numbers according to the sexagesimal manner because of 
‘the inconvenience of the [ordinary] fractions.” For it is clear that 
the successive submultiples by 60 formed a sort of frame with fixed 
compartments into which any fractions whatever could be located, 
and it is easy to see that e.g. in additions and subtractions the 
sexagesimal fractions were almost as easy to work with as decimals 
are now, 60 units of one denomination being equal to one unit of 
the next higher denomination, and “carrying” and “borrowing” 
being no less simple than it is when the number of units of one 
denomination necessary to make one of the next higher is 10 instead 
of 60. In expressing the units of the circumference, degrees, potpar 
or the symbol 4 was generally used along with the ordinary numeral 
which had a stroke above it ; minutes, seconds, etc. were expressed 
by one, two, etc. accents affixed to the numerals. Thus fi B=2°, 
powpav pl pf’ pw” =47° 42’ 40". Also where there was no unit in any 
particular denomination O was used, signifying otdeuta potpa, oddev 
é€nxoorov and the like; thus Oa’ 8” 0” =0° 1’ 2" 0". Similarly, for 
the units representing the divisions of the radius the word tyuHpata 
or some equivalent was used, and the fractions were represented as 
before ; thus tynparwv él & ve’ = 67 (units) 4’ 55”. 

§ 2. Addition and Subtraction. 

There is no doubt that, in writing down numbers for these 
purposes, the several powers of 10 were kept separate in a manner 
corresponding practically to our system of numerals, and the 
hundreds, thousands, etc., were written in separate vertical rows, 
The following would therefore be a typical form of a sum in addition ; 

auvkd = 1424 
p 103 
M Bor a 12281 


M 2 30030 


§ 
M yor y 43838 
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and the mental part of the work would be the same for the Greek as 
for us. 
Similarly a subtraction would be represented as follows : 


Myyds! = 93636 
May 0 23409 
MI ox = 70227 

§ 3. Multiplication. 

A number of instances are given in Eutocius’ commentary on 
the Measurement of a circle, and the similarity to our procedure is 
just as marked as in the above cases of addition and subtraction. 
The multiplicand is written first, and below it the multiplier preceded 
by éwi (=“into”). Then the highest power of 10 in the multiplier 
is taken and multiplied into the terms containing the separate 
multiples of the successive powers of 10, beginning with the highest 
and descending to the lowest ; after which the next highest power 
of 10 in the multiplier is multiplied into the various denominations 
in the multiplicand in the same order. The same procedure is 
followed where either or both of the numbers to be multiplied 
contain fractions. Two instances from Eutocius are appended from 
which the whole protedure will be understood. 


(1) Wr’ 780 
emt Wr x 780 
06 Sade ele 
MM ¢’ 490000 56000 
Mo cv 56000 6400 
++ — pe a Re ee 
Opov My sum 608400 
y 
yey’ Ls" 30134 4 [= 30132] 
ém yey’ Ws" x 301344 
»~ 1; 
MM 6 ady’ 9,000,000 30,000 9,000 1500 750 
ay, 

Mpa’ |” 30,000 100 30 5 24 
XG a. 18" 9,000 30 9 13 4+4 
pea Wi 8n” 1,500 5 14 + i 
pv B’ je 8" i” 750 24 $+} $ is 


an 
[dp.00 | M Byr6'is” [9,041,250 + 30,1374 a 9,041} +1506 + 4 + 4 + t 


cantons +763+4+3+ 55 
es ? Is 
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One instance of a similar multiplication of numbers involving 
fractions may be given from Heron (pp. 80, 81). It is only one of 
many, and, for brevity, the Greek notation will be omitted. Heron 
has to find the product of 433 and 782, and proceeds as follows : 


£7 = 283 

62 _§ 248 
4 64 6422 
33 7 _ 231 
5.40 ie 


s) 
33 62_ 2046 1 — 314 62 1 
Gi 64s SOdm © OF, Cdn mOd, 2 Ode 


The result is accordingly 
284+ 38 + Be = 284+ TH+ HH HBOS 
= 354+ $7 + $3.94. 
The multiplication of 37° 4’ 55” (in the sexagesimal system) by 


itself is performed by Theon of Alexandria in his commentary on 
Ptolemy’s otvyragis in an exactly similar manner. 


§ 4. Division. 

The operation of dividing by a number of one digit only was 
easy for the Greeks as for us, and what we call “long division” was 
with them performed, mutatis mutandis, in the same way as now 
with the help of multiplication and subtraction. Suppose, for 
instance, that the operation in the first case of multiplication given 


above had to be reversed and that Mv! (608,400) had to be divided 
by yz’ (780). The terms involving the different powers of 10 would 
be mentally kept separate as in addition and subtraction, and the 
first question would be, how many times will 7 hundreds go into 60 
myriads, due allowance being made for the fact that the 7 hundreds 
have 80 behind them and that 780 is not far short of 8 hundreds? 
The answer is 7 hundreds or y’, and this multiplied by the divisor 


vd é 
yr’ (780) would give Ms’ (546,000) which, subtracted from M nv’ 


(608,400), leaves the remainder M Bu’ (62,400). This remainder has 
then to be divided by 780 or a number approaching 8 hundreds, and 
8 tens or 7’ would have to be tried. In the particular case the 
result would then be complete, the quotient being yz’ (780), and 
there being no remainder, since z’ (80) multiplied by yx’ (780) gives 


the exact figure M Bv’ (62,400). 
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An actual case of long division where the dividend and divisor 
contain sexagesimal fractions is described by Theon. The problem 
is to divide 1515 20’ 15” by 25 12’ 10”, and Theon’s account of the 
process comes to this. 


Divisor Dividend Quotient 
Ws WAY MO" T1515 20g Lon First term 60 
25 60 =1500 
Remainder 15 = 900’ 
Sum 920’ 
1 GO 720’ 
Remainder 200’ 
HOMIC OR 10’ 
Remainder 190’ Second term 7’ 
DS = Nes 
~~ 15’= 900” 
Sum 915” 
oA 84” 
Remainder Ses. 
1”, a" ie 
Remainder ~ 829"50” |Third term 33” 
PAD. Oe 8257 
Remainder 4750" = 290” 
WO? Sxay" 396” 


(too great by) 106’” 


Thus the quotient is something less than 60 7’ 33”. It will be 
observed that the difference between this operation of Theon’s and 


that followed in dividing Me! (608,400) by wx’ (780) as above is 
that Theon makes three subtractions for one term of the quotient, 
whereas the remainder was arrived at in the other case after one 
subtraction. The result is that, though Theon’s method is quite 
clear, it is longer, and moreover makes it less easy to foresee what 
will be the proper figure to try in the quotient, so that more time 
would be apt to be lost in making unsuccessful trials. 


§ 5. Extraction of the square root. 


We are now in a position to see how the operation of extracting 
the square root would be likely to be attacked. First, as in the case 
of division, the given whole number whose square root is required 
would be separated, so to speak, into compartments each containing 
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such and such a number of units and of the separate powers of 10. 
Thus there would be so many units, so many tens, so many hundreds, 
etc., and it would have to be borne in mind that the squares of 
numbers from 1 to 9 would lie between 1 and 99, the squares of 
numbers from 10 to 90 between 100 and 9900, and so on. Then the 
first term of the square root would be some number of tens or 
hundreds or thousands, and so on, and would have to be found in 
much the same way as the first term of a quotient in a “long 
division,” by trial if necessary. If A is the number whose square 
root is required, while a represents the first term or denomination of 
the square root and x the next term or denomination still to be 
found, it would be necessary to use the identity (a + x)? =a? + 2ax +a? 
and to find « so that 2a~+a? might be somewhat less than the 
remainder 4—a?. Thus by trial the highest possible value of x 
satisfying the condition would be easily found. If that value were 
b, the further quantity 2ab +6? would have to be subtracted from 
the first remainder A — a’, and from the second remainder thus left 
a third term or denomination of the square root would have to be 
derived, and soon. That this was the actual procedure adopted is 
clear from a simple case given by Theon in his commentary on the 
otvvraéis. Here the square root of 144 is in question, and it is 
obtained by means of Eucl. u. 4. The highest possible denomina- 
tion (i.e. power of 10) in the square root is 10 ; 10° subtracted from 
144 leaves 44, and this must contain not only twice the product of 
10 and the next term of the square root but also the square of that 
next term itself. Now, since 2.10 itself produces 20, the division 
of 44 by 20 suggests 2 as the next term of the square root; and 
this turns out to be the exact figure required, since 


2.20+ 2? = 44. 


The same procedure is illustrated by Theon’s explanation of 
Ptolemy’s method of extracting square roots according to the 
sexagesimal system of fractions. The problem is to find approxi- 
mately the square root of 4500 potpa: or degrees, and a geometrical 
figure is used which makes clear the essentially Euclidean basis of 
the whole method. Nesselmann gives a complete reproduction of 
the passage of Theon, but the following purely arithmetical represen- 
tation of its purport will probably be found clearer, when looked at 
side by side with the figure. 

Ptolemy has first found the integral part of /4500 to be 67. 
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Now 67? = 4489, so that the remainder is 11. Suppose now that 
the rest of the square root is expressed by means of the usual 
sexagesimal fractions, and that we may therefore put 


1500 = 0/674 lL = 674 ee ee 
/4500 = /67?+ 11 =67 + sat Gut? 
2. 67x 
where x, y are yet to be found. Thus x must be such that $0 
11.60 


is somewhat less than 11, or « must be somewhat less than 267 


or which is at the same time greater than 4. On trial, it 


330 
67 ’ 
turns out that 4 will satisfy the conditions of the problem, namely 


2 
that (67 a #0) must be less than 4500, so that a remainder will 


be left by means of which y may be found. 


a my) K 6 
67° 4! 55” 
4489 268' | & 
~— 
& 
3 
ioe) 
i i 
4! 268! 16” 
: r 
55” 3688” 40’” 
B a 
2 
Now 11 — ie za) is the remainder, and this is equal to 
60 60 
11. 60°—2.67.4.60-16 7424 
60? MgSOie 
4\ y 7424 
Thus we must suppose that 2 (67 a) 602 approximates to 60F 


or that 8048y is approximately equal to 7424. 60. 
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Therefore y is approximately equal to 55. We have then to 


subtract 
4\ 55 55 \? 442640 3025 
287+ 55) G0 + (ae) » °° Sear + ear 
7424 
60? 
442640 7424 2800 46 40 


: 60: from Gor SIVes Gor > OF aoe + EO? 
025 


604 ’ 


from the remainder above found. 


The subtraction of 


but Theon does not go further and subtract the remaining 


instead of which he merely remarks that the square of a 


: 46 4 
approximates to 602 * oe As a matter of fact, if we deduct the 
3025 2800 : ; nag 
or from Gor? 80 as to obtain the correct remainder, it is 
164975 
found to be 608 


To show the power of this method of extracting square roots by 
means of sexagesimal fractions, it is only necessary to mention that 
Ptolemy gives ite eee + au as an approximation to /3, which 

60 60? 60° ; ‘ 
approximation is equivalent to 1:7320509 in the ordinary decimal 
notation and is therefofe correct to 6 places. 

But it is now time to pass to the question how Archimedes 
obtained the two approximations to the value of /3 which he 
assumes in the Measurement of a circle. In dealing with this 
subject I shall follow the historical method of explanation adopted 
by Hultsch, in preference to any of the mostly @ priori theories 
which the ingenuity of a multitude of writers has devised at 


different times. 


§ 6. Early investigations of surds or incommensurables. 


From a passage in Proclus’ commentary on Eucl. 1.* we learn 
that it was Pythagoras who discovered the theory of wrrationals 
(4 trav dddywv mpaypareia). Further Plato says (Theaetetus 147 pb), 
“On square roots this Theodorus [of Cyrene] wrote a work in 


* p. 65 (ed. Friedlein). 
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which he proved to us, with reference to those of 3 or 5 [square] feet 
that they are incommensurable in length with the side of one square 
foot, and proceeded similarly to select, one by one, each [of the other 
incommensurable roots] as far as the root of 17 square feet, beyond 


which for some reason he did not go.” The reason why J/2 is not 
mentioned as an incommensurable square root must be, as Cantor 
says, that it was before known to be such. We may therefore 
conclude that it was the square root of 2 which was geometrically 
constructed by Pythagoras and proved to be incommensurable with 
the side of a square in which it represented the diagonal. A clue 
to the method by which Pythagoras investigated the value of /2 
is found by Cantor and Hultsch in the famous passage of Plato 
(Rep. vit. 546 B, c) about the ‘geometrical’ or ‘nuptial’ number. 
Thus, when Plato contrasts the fn) and adppyntos dudpetpos THs 
meumaoos, he is referring to the diagonal of a square whose side 
contains five units of length ; the appyros diajerpos, or the irrational 
diagonal, is then ./50 itself, and the nearest rational number is 
V50—1, which is the fyrj Siaperpos. We have herein the 
explanation of the way in which Pythagoras must have made the 
first and most readily comprehensible approximation to /2; he 
must have taken, instead of 2, an improper fraction equal to it but 
such that the denominator was a square in any case, while the 
numerator was as near as possible to a complete square. Thus 


Pythagoras chose and the first approximation to /2 was 


95° 
: Moar : : st , 
accordingly 5? it being moreover obvious that N2>5. Again, 
Pythagoras cannot have been unaware of the truth of the 
proposition, proved in Eucl. 1. 4, that (a +6)’=a? + 2ab +b’, where 
a, 6 are any two straight lines, for this proposition depends solely 
upon propositions in Book 1. which precede the Pythagorean 
proposition 1. 47 and which, as the basis of 1. 47, must necessarily 
have been in substance known to its author. A slightly different 
geometrical proof would give the formula (a— 6)? =a’—2ab +6’, 
which must have been equally well known to Pythagoras. It could 
not therefore have escaped the discoverer of the first approximation 


/50—1 for 50 that the use of the formula with the positive sign 


would give a much nearer approximation, viz. 7 + a which is only 
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1 2 
greater than /50 to the extent of Ga a): Thus we may properly 
assign to Pythagoras the discovery of the fact represented by 


1 pity 
7 7q> V50>7. 


The consequential result that »/2> Ss V50—1 is used by 


_ Aristarchus of Samos in the 7th proposition of his work On the 
size and distances of the sun and moon*, 


With reference to the investigations of the values of /3, /5, 


AG aie /17 by Theodorus, it is pretty certain that /3 was 
geometrically represented by him, in the same way as it appears 


* Part of the proof of this proposition was a sort of foretaste of the first part 
of Prop. 3 of Archimedes’ Measurement of a 
circle, and the substance of it is accordingly a 
appended as reproduced by Hultsch. 

ABEK is a square, KB a diagonal, 2 HBE 
=iZKBE, 4 FBE=3°,and AC is perpendicu- 
lar to BF so that the triangles ACB, BEF are 
similar. 

Aristarchus seeks to prove that 

ABB C et Sicels 

If R denote a right angle, the angles KBE, 
sone FBE are respectively eR, 43h, Rk. B 

Then HE: FE>LHBE: LFBE. 


[This is assumed as a known lemma by Aristarchus as well as Archimedes. ] 


K 


Therefore SELB PE Eat Sail ONG 2st erie sais abene eons vee Gne re (a). 
Now, by construction, BK?=2BE?, 
Also [Eucl. vz. 3] BK: BE=KH: HE; 

whence KH=N2HE. 


=~ 50-1 
And, since V2 > cf ee oe? 
oO 


KH: HE >7:65, 
so that SHEE EL ca eN Dies Desens saiduaceeneatevcatacsosnessegn. (8). 
From (a) and (8), ex aequali, 
KE: FE> 18:1. 
Therefore, since BF > BE (or KE), 
BF: FE > 18:1, 


so that, by similar triangles, 
AB: BC> 18:1. 
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afterwards in Archimedes, as the perpendicular from an angular 
point of an equilateral triangle on the opposite side. It would 
thus be readily comparable with the side of the “1 square foot” 
mentioned by Plato. The fact also that it is the side of three 
square feet (rpimous Svvapis) which was proved to be incommensurable 
suggests that there was some special reason in Theodorus’ proof for 
specifying feet, instead of units of length simply; and the ex- 
planation is probably that Theodorus subdivided the sides of his 
triangles in the same way as the Greek foot was divided into 
halves, fourths, eighths and sixteenths. Presumably therefore, 
exactly as Pythagoras had approximated to /2 by putting ey 
for 2, Theodorus started from the identity 3 = = It would then 


be clear that 
LOL 7 
eng ae 6? 1.e. ri 


To investigate /48 further, Theodorus would put it in the form 


/49—1, as Pythagoras put /50 into the form /49+1, and the 
result would be 


/48 (= (aM 


We know of no further investigations into incommensurable 
square roots until we come to Archimedes. 


§7. Archimedes’ approximations to V3. 


Seeing that Aristarchus of Samos was still content to use the 
first and very rough approximation to ./2 discovered by Pythagoras, 
it is all the more astounding that Aristarchus’ younger contemporary 
Archimedes should all at once, without a word of explanation, give 
out that 

1351 265 
780 7 V3 > T53° 


as he does in the Measurement of a circle. 

In order to lead up to the explanation of the probable steps by 
which Archimedes obtained these approximations, Hultsch adopts 
the same method of analysis as was used by the Greek geometers in 
solving problems, the method, that is, of supposing the problem 
solved and following out the necessary consequences. To compare 
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See OGD, 1351 fe at 
the two fractions 153 and =7E0 We first divide both denominators 


into their smallest factors, and we obtain | 
180 = 29273855713, 
WHOSE. Lie 


We observe also that 2.2.13 = 52, while 3.17 =51, and we may 
therefore show the relations between the numbers thus, 


780 =3.5.52, 
153 =3.51. 
For convenience of comparison we multiply the numerator and 
denominator of = by 5; the two original fractions are then 
1351 1325 
15.58 7? T5 51° 


so that we can put Archimedes’ assumption in the form 


1351 1325 
“5g LNB > 5 


and this is seen to be equivalent to 
1 5 1 
11 eat Seat ae 
26 — = > 153 > 26- 


52 
is an approximation to ‘“/ 267 —1, 


Now yes = e). 26"-1+ (<5) , and the latter expression 


1 i Fe wae 
We have then 26 — 597 ,/26? - 1. 


As 26-2 was compared with 15,/3, and we want an ap- 


proximation to /3 itself, we divide by 15 and so obtain 


: (26 5) > 1/961. 


16 Kae 62) 15 
Wad rrr pee 676-1 675 ix 
267 - = = = se a ee 
Eup 15 26 i=,/ 925 395 /3, and it follows 
1 1 fas 
pet OG asc 
that iB (26 53) > /3. 


The lower limit for /3 was given by 


1 1 
V8> 7, (26-57), 
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and a glance at this suggests that it may have been arrived at by 
simply substituting (52-1) for 52. 

Now as a matter of fact the following proposition is true. Jf 
a? +b is a whole number which is not a square, while a’ is the nearest 
square number (above or below the first number, as the case may be), 
then 

at a >Va*tb >at a 

Hultsch proves this pair of inequalities in a series of propositions 
formulated after the Greek manner, and there can be little doubt 
that Archimedes had discovered and proved the same results in 
substance, if not in the same form. The following circumstances 
confirm the probability of this assumption. 

(1) Certain approximations given by Heron show that he 
knew and frequently used the formula 

v. ath wat Ja’ 


(where the sign ev denotes ‘is approximately equal to”). 


Thus he gives /50 07 + — 
N63. 8 — As 
HGH 
= 11 
N75 08+ 7,. 
(2) The formula Vi tbat 5” i is used by the Arabian 


Alkarkhi (11th century) who drew from Greek sources (Cantor, 
PenGlorsd.): 
It can therefore hardly be accidental that the formula 


b <S b 
ie 2 
Co, = Na tbr etary 


gives us what we want in order to obtain the two Archimedean 


approximations to /3, and that in direct connexion with one 
another*. 


* Most of the a priori theories as to the origin of the approximations are 
open to the serious objection that, as a rule, they give series of approximate 
values in which the two now in question do not follow consecutively, but are 
separated by others which do not appear in Archimedes. Hultsch’s explanation 
is much preferable as being free from this objection. But it is fair to say that 
the actual formula used by Hultsch appears in Hunrath’s solution of the puzzle 
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We are now in a position to work out the synthesis as follows. 


From the geometrical representation of /3 as the perpendicular 
from an angle of an equilateral triangle on the opposite side we 


obtain J2?—1= 4/3 and, as a first approximation, 
2— : > V3. 


Using our formula we can transform this at once into 


> 1 1 
-—— 2-5. 
NEE) fo? 8 3 
Archimedes would then square (2 - 3) or 4 and would obtain 
25 : 2 
o , which he would compare with 3, or = 3 Le. he would put 
5 25 + 2 
/3 = ve _ = and would obtain 
1 1 ae ol One 
3(5+5)>N3, Le. 75> N38. 
To obtain a still nearer approximation, he would proceed in the 
s 676. 3: 675 
same manner and compare (3) » OF 555) with 3, or a whence it 
= 26°—1 
would appear that J3 = ~ 995? 


and therefore that oe (26 — 33) > /3, 


that 1S, 780 3 
The application of the formula would then give the result 
= 1 1 
V3 > 75 (26 sa=1)° 


: = 1326-1 265 
that 1S, N3>—e-57 or 153° 


The complete result would therefore be 


1351 = 265 

730 7 V3> 1B3° 
(Die Berechnung irrationaler Quadratwurzeln vor der Herrschaft der Decimal- 
briiche, Kiel, 1884, p. 21; cf. Ueber das Ausziehen der Quadratwurzel bet 
Griechen und Indern, Hadersleben, 1883), and the same formula is implicitly 
used in one of the solutions suggested by Tannery (Sur la mesure dw cercle 
ad’ Archiméde in Mémoires de la société des sciences physiques et naturelles de 
Bordeaux, 2° série, 1v. (1882), p. 313-337). 
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Thus Archimedes probably passed from the first approximation 
(frees) Date. 20 265. 51 
ri to 3 from 3 to TB’ and from IB directly to 780 ? 
approximation of all, from which again he derived the less close 


the closest 


approximation Bee . The reason why he did not proceed to a still 


153 
nearer approximation than a is probably that the squaring of 
this fraction would have brought in numbers much too large to be 


conveniently used in the rest of his calculations. A similar reason 


will account for his having started from > instead of ! ; if he had 


used the latter, he would first have obtained, by the same method, 


— As Pity = = 
ie and thence i 7 > 3; or es V3; the squaring 


16 
— 2 — 
of it would have given /3= oe , and the corresponding 
approximation would have given Sees , where again the numbers 


are inconveniently large for his purpose. 
§ 8. Approximations to the square roots of large 
numbers. 


Archimedes gives in the Measurement of a circle the following 
approximate values: 


(1) 30133 > /9082321, 
(2) 1838,% > 3380929, 
(3) 10094 > 1018405, 
(4) 20174 > /4069284,4, 
(5) 5912 < /349450, 

(6) 11723 < /137394333, 
(7) 23394 < /5472132),. 


There is no doubt that in obtaining the integral portion 
of the square root of these numbers Archimedes used the method 
based on the Euclidean theorem (a +b)*=a*+2ab+b* which has 
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already been exemplified in the instance given above from Theon, 


where an approximation to /4500 is found in sexagesimal fractions. 
The method does not substantially differ from that now followed ; but 
whereas, to take the first case, /9082321, we can at once see what 
will be the number of digits in the square root by marking off pairs 
of digits in the given number, beginning from the end, the absence 
of a sign for 0 in Greek made the number of digits in the square 
root less easy to ascertain because, as written in Greek, the number 


M. Brea’ only contains six signs representing digits instead of seven. 
Even in the Greek notation however it would not be difficult to see 
that, of the denominations, units, tens, hundreds, etc. in the square 
root, the units would correspond to xa’ in the original number, the 


n » 
tens to Br, the hundreds to M, and the thousands to M. Thus it 
would be clear that the square root of 9082321 must be of the form 


1000a + 100y + 10z + w, 


where 2, y, z, w can only have one or other of the values 0, 1, 2,...9. 
Supposing then that x is found, the remainder V —(1000x)’, where 
WV is the given number, must next contain 2.1000x.100y and 
(100y)’, then 2(1000%+100y).10z and (10z)*, after which the 
remainder must contain two more numbers similarly formed. 


In the particular case (1) clearly x=3. The subtraction of 
(3000)? leaves 82321, which must contain 2.3000. 100y. But, even 
if y is as small as 1, this product would be 600,000, which is greater 
than 82321. Hence there is no digit representing hundreds in the 
square root. To find z, we know that 82321 must contain 


2. 3000. 10z + (102)’, 


and z has to be obtained by dividing 82321 by 60,000. Therefore 
z=1. Again, to find w, we know that the remainder 


(82321 —2. 3000. 10-10”), 


or 22221, must contain 2.3010w+w*, and dividing 22221 by 
2.3010 we see that w=3. Thus 3013 is the integral portion of 
the square root, and the remainder is 22221 —(2. 3010.34.37), or 
4152. 

The conditions of the proposition now require that the approxi- 
mate value to be taken for the square root must not be less than 
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the real value, and therefore the fractional part to be added to 3013 
must be if anything too great. Now it is easy to see that the 


2 
less than the remainder 4152. Suppose then that the number 


required (which is nearer to 3014 than to 3013) is 3014-7, 


Tee f1\ 72 
fraction to be added is greater than Z because 2.3013. 5+ 6) 18 


and ; has to be if anything too small. 


Now (3014)? = (3013)? + 2.3013 + 1 = (3013)? + 6027 
= 9082321 — 4152 + 6027, 
whence 9082321 = (3014)? — 1875. 


By applying Archimedes’ formula Ja? +b<a+ 2 , we obtain 


2a 
1875 
3014- ; 5 301g > ¥ 9082321. 


The required value F has therefore to be not greater than neh 


6028 ° 


It remains to be explained why Archimedes put for? the value 3 


oan 1507 
which is equal to 6098" 


fractions with unity for numerator and some power of 2 for 
denominator because they contributed to ease in working, e.g. when 
two such fractions, being equal to each other, had to be added. 


In the first place, he evidently preferred 


(The exceptions, the fractions a and * are to be explained by 


exceptional circumstances presently to be mentioned.) Further, in 
the particular case, it must be remembered that in the subsequent 


work 2911 had to be added to 3014 Se and the sum divided by 780, 


or 2.2.3.5.13. It would obviously lead to simplification if a 
factor could be divided out, e.g. the best for the purpose, 13. Now, 
dividing 2911 + 3014, or 5925, by 13, we obtain the quotient 455, 


and a remainder 10, so that i023 remains to be divided by 13. 


Therefore / has to be so chosen that 10g —p is divisible by 13, while 


i approximates to, but is not greater than, pe The solution 


p=1,q=4 would therefore be natural and easy. 
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(2) /3380929. 


The usual process for extraction of the square root gave as the 
integral part of it 1838, and as the remainder 2685. As before, it 
was easy to see that the exact root was nearer to 1839 than to 1838, 
and that 


/3380929 = 1838? + 2685 = 1839% — 2, 1838 — 1 + 2685 
= 1839? — 992. 
The Archimedean formula then gave 


992 
ees 5) 
1839 319397 »/3380929. 


It could not have escaped Archimedes that was a near approxima- 


Z 
pene esd SAA 1 21889; 
3678 ” 7356? 4 7356’ 


the necessary condition that the fraction to be taken must be less 


and : would have satisfied 


than the real value. Thus it is clear that, in taking = as the 


approximate value of the fraction, Archimedes had in view the 
simplification of the subsequent work by the elimination of a factor. 


If the fraction be denoted by 7 the sum of 1839-7 and 1823, or 


3662 ay had to be divided by 240, ie. by 6.40. Division of 3662 
by 40 gave 22 as remainder, and then p, ¢ had to be so chosen that 


22-© was conveniently divisible by 40, while i: was less than but 


2 : : 
approximately equal to = The solution p= 2, g=11 was easily 


seen to satisfy the conditions. 
(3) 1018405. 
The usual procedure gave 1018405=1009°+324 and the ap- 


proximation 
324 


2018 
324 
It was here necessary that the fraction to replace 5018 should be 


1009 > /1018405. 


greater but approximately equal to it, and : satisfied the conditions, 


while the subsequent work did not require any change in it. 
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(4) /4069284,.. 
The usual process gave 40692841, = 2017? + 99534 ; it followed 
that 
36.995 +] 


201 tang ony > /40692842,, 


and 20174 was an obvious value to take as an approximation 
somewhat greater than the left side of the inequality. 


(5) »/349450. 
In the case of this and the two following roots an approximation 


had to be obtained which was Jess, instead of greater, than the true 
value. Thus Archimedes had to use the second part of the formula 


b 
at >Ja@tb>a ic 
In the particular case of ./349450 the integral part of the root is 
591, and the remainder is 169. This gave the result 


169 169 
2.591 2.59141’ 


and since 169=13%, while 2.591+1=7.13%, it resulted without 
further calculation that 


591 + > ./349450 > 591 + 


»/349450 > 5911. 


Why then did Archimedes take, instead of this approximation, 
another which was not so close, viz. 5914% The answer which the 
subsequent working and the other approximations in the first part of 
the proof suggest is that he preferred, for convenience of calculation, 

1 
Hr only. But he 
could not have failed to see that to take the nearest fraction of this 


to use for his approximations fractions of the form — 


form, a instead of i might conceivably affect his final result and 


tf 

make it less near the truth than it need be. As a matter of fact, 
as Hultsch shows, it does not affect the result to take 5914 and to 
work onwards from that figure. Hence we must suppose that 
Archimedes had satisfied himself, by taking 5911 and proceeding on 
that basis for some distance, that he would not be introducing any 
appreciable error in taking the more convenient though less accurate 
approximation 5911. 
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(6) ,/137394338. 


In this case the integral portion of the root is 1172, and the 
remainder 35933, Thus, if 2 denote the root, 


35933 
AE SEDER 
. 359 LD a 
>1172+ 2.117241” a fortiori. 
Now 2.1172+1=2345; the fraction accordingly becomes am 
and : (= sara) satisfies the necessary conditions, viz. that it must 


be approximately equal to, but not greater than, the given fraction. 
Here again Archimedes would have taken 1172} as the approximate 
value but that, for the same reason as in the last case, 11723 was 
more convenient. 


(7) /54721323,. 
The integral portion of the root is here 2339, and the remainder 
12114, so that, if & is the exact root, 


1211, 
2, 233941 


£23391, a fortiori. 
A few words may be added concerning Archimedes’ ultimate 
reduction of the inequalities 


KH > 2339 + 


6674 2844 
3+ 76734777 3+ s0173 
» 1 10 
to the simpler result B= zo T> 3 71° 
1 6673 


As a matter of fact = Z 16725" so that in the first fraction it was 


7 4672 
only necessary to make the all change of diminishing the de- 


: 1 
nominator by 1 in order to obtain the simple 35. 


284} 1137 


As regards the lower limit for 7, we see that 5 20171 ~ 806 9? and 


Hultsch ingeniously suggests the method of trying the effect of 
increasing the denominator of the latter fraction by 1. This 
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3070 ee : and, if we divide 2690 by 379, the quotient 
is between 7 and 8, so that 
te SHES on Oa | 
7~ 26907 8° 
Now it is a known proposition (proved in Pappus vil. p. 689) 
a@ ate 


that, if © >) then 5 Biya 


Similarly it may be proved that 


produces —— 


It follows in the above case that 


B79 of 319) piel 
2690~ 2690+8~ 8? 


; F Oma: 
which exactly gives 71> 8 
TOs 379 it, 
and 7 is very much nearer to 3690 than 8 is. 


Note on alternative hypotheses with regard to the 


approximations to 3. 


For a description and examination of all the various theories put 
forward, up to the year 1882, for the purpose of explaining Archimedes’ 
approximations to /3 the reader is referred to the exhaustive paper by 
Dr Siegmund Giinther, entitled Die quadratischen Irrationalititen der Alien 
und deren Entwickelungsmethoden (Leipzig, 1882). The same author gives 
further references in his Abriss der Geschichte der Mathematik und der Natur- 
wissenschaften im Altertum forming an Appendix to Vol. v. Pt. 1 of Iwan von 
Miiller’s Handbuch der klassischen Altertums-wissenschaft (Miinchen, 1894). 

Giinther groups the different hypotheses under three general heads : 


(1) those which amount to a more or less disguised use of the 
method of continued fractions and under which are included the solutions 
of De Lagny, Mollweide, Hauber, Buzengeiger, Zeuthen, P. Tannery (first 
solution), Heilermann ; 


(2) those which give the approximations in the form of a series 


: 1 i 
of fractions such as @ + — + —- + : +...3; under this class come the 
%M% NI 1929s 


solutions of Radicke, v. Pessl, Rodet (with reference to the Culvasiitras), 
Tannery (second solution); 
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(3) those which locate the incommensurable surd between a greater 
and lesser limit and then proceed to draw the limits closer and closer. 
This class includes the solutions of Oppermann, Alexejeff, Schénborn, 
Hunrath, though the first two are also connected by Giinther with the 
method of continued fractions. , 

Of the methods so distinguished by Giinther only those need be here 
referred to which can, more or less, claim to rest on a historical basis 
in the sense of representing applications or extensions of principles laid 
down in the works of Greek mathematicians other than Archimedes which 
have come down to us. Most of these quasi-historical solutions connect 
themselves with the system of stde- and diagonal-numbers (mdevpixol and 
Staperprxot dpOnoi) explained by Theon of Smyrna (c. 130 a.p.) in a work 
which was intended to give so much of the principles of mathematics as 
was necessary for the study of the works of Plato. 

The sede- and diagonal-numbers are formed as follows. We start with 
two units, and (a) from the sum of them, (0) from the sum of twice 
the first unit and once the second, we form two new numbers ; thus 


1.1+1=2, 2.14+1=3. 


Of these numbers the first is a side- and the second a diagonal-number 
respectively, or (as we may say) 

d,=2, d,=3. 
In the same way as these numbers were formed from a,=1, d,=1, suc- 
cessive pairs of numbers are formed from a,, d,, and so on, in accordance 


with the formula 
Oney=AtOn, Ang y= 20n +n, 
whence we have ‘ 
a,=1.24+3=5, d;=2.24+3=7, 
Q4=1.54+7=12, dy=2.54+7=17, 
and so on. 
Theon states, with reference to these numbers, the general proposition 


which we should express by the equation 
G20) eel 
The proof (no doubt omitted because it was well-known) is simple. For 


we have 
Dy? — 20? = (QAy — + An — 1)? — 2(Gn—y+An—3)” 


== eC ee 
=-(d are 2cin_1”) 
= +(dy_»? —2a,-,”), and so on, 
while d,?—2a,2= —1; whence the proposition is established. 
Cantor has pointed out that any one familiar with the truth of this 
proposition could not have failed to observe that, as the numbers were 


successively formed, the value of d,2/a,2 would approach more and more 
nearly to 2, and consequently the successive fractions d,/d, would give 


xcli INTRODUCTION. 


nearer and nearer approximations to the value of 4/2, or in other words that 
13 7 17 4l 
TPR Oe e110 2 29 mae 
are successive approximations to /2. It is to be observed that the third 
of these approximations, qr is the Pythagorean approximation which 


appears to be hinted at by Plato, while the above scheme of Theon, 
amounting to a method of finding all the solutions in positive integers of 
the indeterminate equation 
24? -y?= +1, 
and given in a work designedly introductory to the study of Plato, 
distinctly suggests, as Tannery has pointed out, the probability that even 
in Plato’s lifetime the systematic investigation of the said equation had 
already begun in the Academy. In this connexion Proclus’ commentary 
on Eucl. 1. 47 is interesting. It is there explained that in isosceles 
right-angled triangles “it is not possible to find numbers corresponding to 
the sides; for there is no square number which is double of a square 
except in the sense of approximately double, e.g. 72 is double of 5? less 1.” 
When it is remembered that Theon’s process has for its object the finding 
of any number of squares differing only by unity from double the squares 
of another series of numbers respectively, and that the sides of the two 
sets of squares are called diagonal- and side-numbers respectively, the 
conclusion becomes almost irresistible that Plato had such a system in 
mind when he spoke of pyry didquerpos (rational diagonal) as compared 
with appnros Siaperpos (irrational diagonal) rs meumados (cf. p. xxviii above). 
One supposition then is that, following a similar line to that by which 
successive approximations to 4/2 could be obtained from the successive 
solutions, in rational numbers, of the indeterminate equations 227 —y?= +1, 
Archimedes set himself the task of finding all the solutions, in rational 
numbers, of the two indeterminate equations bearing a similar relation 
to 3, viz. 
xz —3y?=1, 
xv —3y?= —2. 
Zeuthen appears to have been the first to connect, eo nomine, the ancient 
approximations to 4/3 with the solution of these equations, which are also 
made by Tannery the basis of his first method. But, in substance, the 
same method had been used as early as 1723 by De Lagny, whose 
hypothesis will be, for purposes of comparison, described after Tannery’s 
which it so exactly anticipated. 
Zeuthen’s solution. 
After recalling the fact that, even before Euclid’s time, the solution 
of the indeterminate equation #?+y?=2 by means of the substitutions 
m* —n2 Je Mene 


de rea = =e 


ARITHMETIC IN ARCHIMEDES. xcill 


was well known, Zeuthen concludes that there could have been no 
difficulty in deducing from Eucl. 11. 5 the identity 


me—3n\2 /m2+3n2\2 
Des =) 
from which, by multiplying up, it was easy to obtain the formula 
3 (2mn)? + (m? — 3n?)? =(m? + 3n?)2, 
If therefore one solution m?—3n?=1 was known, a second could at once 
be found by putting 


L=m+3n?, y=2mn. 
Now obviously the equation 
m? — 3n?=1 


is satisfied by the values m=2, n=1; hence the next solution of the 
equation 
uv — 3y?=1 


is iO teil yy=2.2.1=4; 
and, proceeding in like manner, we have any number of solutions as 
m=T4+3.42=97, yo=2.7.4=56, 


2,=972+3.562=18817,  y3=2.97.56=10864, 
and so on. 


Next, addressing himself to the other equation 


a? — 3y?= — 2, 
Zeuthen uses the identity 


(m+3n)?—3 (m+n)?= — 2 (m? — 3n?). 
Thus, if we know one solution of the equation m*—3n?=1, we can proceed 
/ 


to substitute 
L=M+3n, Y=M+N. 


Suppose m=2, n=1, as before ; we then have 
%=5,  Y=3. 
If we put 7,=4%,+3y,=14, y,=2,+4,=8, we obtain 


(and m=7, n=4 is seen to be a solution of m?—3n?=1), 
Starting again from 7, y,, we have 
%,=38, — Y3= 22, 
Hs L219 
Yau LL 
(m=19, n=11 being a solution of the equation m?—3n?= — 2); 
a4=104, y,=60, 


and 


Ly 26 
whence a $i5 
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(and m=26, n=15 satisfies m?-3n?=1), 
Ut, = 284, Y,= 164, 


eo 
or aon aE 
Rilany Cee tae 
Similarly We Deh ess and so on. 


This method gives all the successive approximations to /3, taking 
account as it does of both the equations 
v—3y=l, 
v— 3y2= — 2. 


Tannery's first solution. 


Tannery asks himself the question how Diophantus would have set 
about solving the two indeterminate equations. He takes the first equation 
in the generalised form 

w—ay?=1, 
and then, assuming one solution (p, g) of the equation to be known, he 


supposes 
Pi=ME—-P, W=L+Q. 


Then pr —ag2= mx? — Impx +p? — ax?—2age—ag?=1, 
whence, since p?—aq?=1, by hypothesis, 
ee ee oh) , 
m* —a 
(m? + a) p+ 2amq Imp +(m? +a) g 
so that y= aiese vewis mie P 


and p,?—aqg=1. 
The values of p,, 9, so found are rational but not necessarily integral ; 
if integral solutions are wanted, we have only to put 


P= (w+ av?) p+ 2auvg, 1 = 2puv t (uw +ar*) g, 
where (uv, v) is another integral solution of x? -ay?=1. 
Generally, if (, g) be a known solution of the equation 
v—ay=r, 
suppose p, =ap+ fq, 7,=yp + 4g, and “il suffit pour déterminer a, B, y, § de 
connaitre les trois groupes de solutions les plus simples et de résoudre 


deux couples d’équations du premier degré & deux inconnues.” Thus 


(1) for the equation 
xv? —3y?=1, 
the first three solutions are 


(p=1,q=0), (p=2,q=1), (p=, g=4), 


2=a 7=2a+B 
whence je and Geo Ae 


so that a=2) B=3, y=, 02, 
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and it follows that the fourth solution is given by 
p=2.7+3.4=26, 
g=1.7+2.4=15; 

(2) for the equation x? —3y?= -2, 

the first three solutions being (1, 1), (5, 3), (19, 11), we have 

syrah tay aap 
whence a=2, B=3, y=1, 5=2, and the next solution is given by 
p=2.19+3.11=71, 


qg=1.19+2.11=41, 
and so on. 
Therefore, by using the two indeterminate equations and proceeding as 
shown, all the successive approximations to /3 can be found. 
Of the two methods of dealing with the equations it will be seen that 
Tannery’s has the advantage, as compared with Zeuthen’s, that it can be 
applied to the solution of any equation of the form x«?- ay*=r. 


De Lagny’s method. 


The argument is this. If V3 could be exactly expressed by an im- 
proper fraction, that fraction would fall between 1 and 2, and the square of 
its numerator would be three times the square of its denominator. Since 
this is impossible, two numbers have to be sought such that the square of 
the greater differs as little as possible from 3 times the square of the 
smaller, though it may be either greater or less. De Lagny then evolved 
the following successive relations, 


2=3.12+1, 52=3.3?-2, 7=3.47+1, 199=3.11?- 
262=3.152+1, 712=3.41?—2, etc. 


From these relations were derived a series of fractions greater than V3, 


viz. =, 5 os etc., and another series of fractions less than V3, viz. 
5 19 71 


3°11? ay? etc. The law of formation was found in each case to be that, if 


P was one fraction in the series and o the next, then 
g 


pee 2p+3q_ 
gq p+2q’ 
This led to the results 


2 7. 26. 97_ 362_ 1351 . 
174° 15° 56° 209° 780°" v3, 
519 71_ 265 _989 3691 ig 
Bay - ane 33 
and 3 <1 ~<a ~ 153 ~~ 571 ~ 2131 
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while the law of formation of the successive approximations in each series 
is precisely that obtained by Tannery as the result of treating the two 
indeterminate equations by the Diophantine method. 


Heilermann’s method. 


This method needs to be mentioned because it also depends upon a 
generalisation of the system of side- and diagonal-numbers given by Theon 
of Smyrna. 

Theon’s rule of formation was 


Sr=Sn-1t+Da-p Dy = 28y-1+ Da-15 
and Heilermann simply substitutes for 2 in the second relation any 
arbitrary number a, developing the following scheme, 


S,=S)+D, D,=a8)+ Dy, 
S,=S+D,,  D,=aS,+D,, 
S,=S,+D,, D,=aS,+D,, 


IS IS ee te) ee eet eee 
It follows that 
AS,? = ASy—y? + 28p_1 Dn_, taDp_1’, 
DiF= Say + 20S a1 te 
By subtraction, D2 — aS,2= (1 — a) (Dn_y? — aS”) 
=(1—-a)? (D,_.?— aS,_,”), similarly, 
=(1-a)* (Dje—aS;?). 
This corresponds to the most general form of the “ Pellian” equation 
x* — ay? = (const.). 


If now we put D)=S)=1, we have 


from which it appears that, where the fraction on the right-hand side 


: JU ‘ — 
approaches zero as 7 increases, —" is an approximate value for Va. 


Sr 
Clearly in the case where a=3, D)=2, S)=1 we have 
Dy_ 2 D,_5 Dy _14_7 D,_19 Dy 62 726 
Sy 1-83? Sia Ss ae ie Te Sem io? 
De VIUTe Dy 1045 197 DT 265 
Se 41? SS* 112 56 aU Seem 163" 


and so on. 
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But the method is, as shown by Heilermann, more rapid if it is used to 
find, not »/a, but bi/a, where b is so chosen as to make B2a (which takes 


the place of a) somewhat near to unity. Thus suppose ans, so that 


Va= 5 2 3, and we then have (putting Di=Sy—1) 


DIZ6 26 
S,=2, D, — and V305. sere 
_ 102 54452 _ 106 = SeelLOG 265 
Sp= 952 Di=—gg— = gp and V3~ 5. 55, or 725, 
, 208 _ 102.27 106 5404 
OE Day Se OO OG singe 
= 5404 5 1351 
and N38 55-908" 3° OF a9" 


This is one of the very few instances of success in bringing out the two 
Archimedean approximations in immediate sequence without any foreign 
values intervening. No other methods appear to connect the two values 
in this direct way except those of Hunrath and Hultsch depending on the 
formula 


b 
+—>NVa?t 4. 
a oe Va+tb>a Sa41° 


We now pass to the second class of solutions which develops the 
approximations in the form of the sum of a series of fractions, and under 
this head comes 

Tannery's second method. 

This may be exhibited by means of its application (1) to the case of the 
square root of a large number, e.g. 349450 or /5712+ 23409, the first of 
the kind appearing in Archimedes, (2) to the case of 4/3. 

(1) ‘Using the formula 


a b 
VP+tbwoats, 


we try the effect of putting for /5712+23409 the expression 


23409 
1142 ° 


It turns out that this gives correctly the integral part of the root, and we 
now suppose the root to be 


571+ 


57142044 : 
m 


; : 1 hat 
Squaring and regarding ae 28 negligible, we have 


5712+ 400+ 22840 + ae a ha =571?+ 23409, 
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whence Oo 
mM 
4 Tomel60ua cl: 
— > (182 7 
so that /349450 >591 : : 
(2) Bearing in mind that 
poy b 
2 Paden 
Ve+b eaters, 
— i a 2 
SeaNT2 aca 
we have V3=/1 +2014 5455 
~ 1 4 or 2 
rea 
, = ay, i : : 1 : 
Assuming then that /3 = sa 7 , squaring and neglecting mp? We obtain 
25 10 
Cee 
whence m=15, and we get as the second approximation 
ar Il 26 
3 te 15 » or 15 : 
We have now 267—3.152=1, 


and can proceed to find other approximations by means of Tannery’s first 
method. 


2 1 1\? 
Or we can also put (45+ig+z =o) 


and, neglecting =: we get 
261 | 52 _ 
152 aat LOR 
whence n= —15.52= — 780, and 


‘ Duel. JG1a, 130! 
v3 09 (145-+75- Gao™ 76): 


It is however to be observed that this method only connects = with 


ae and not with the intermediate approximation to obtain which 


265 
15 153’ 
Tannery implicitly uses a particular case of the formula of Hunrath and 
Hultsch. 


Rodet’s method was apparently invented to explain the approximation 
in the Culvastitras* 
1 a 
3.4 3.4.34’ 


Vaalt5+ 


* See Cantor, Vorlesungen iiber Gesch. d. Math. p. 600 sq. 
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but, given the approximation st the other two successive approximations 
indicated by the formula can be obtained by the method of squaring just 
described* without such elaborate work as that of Rodet, which, when 
applied to 1/3, only gives the same results as the simpler method. 


Lastly, with reference to the third class of solutions, it may be 
mentioned 


2 that Oppermann used_ Pe formula 


: : 2 Tee 
which gave successively i> V/3> 3? 
1 me IY 
fie V/3> ae 
97 =_ 168 
56 = V3 > 97 +) 


but only led to one of the Archimedean approximations, and that by 
combining the last two ratios, thus 
97+168 265 
“56+97 153" 
(2) that Schénborn came somewhat near to the formula successfully used 
by Hunrath and Hultsch when he proved t that 
b b 
a+— >Va?+b>a+— 
~ 2a v 2a+Vb- 
é 
* Cantor had already pointed this out in his first edition of 1880. 
+ Zeitschrift fiir Math. u. Physik (Hist. litt, Abthetlung) xxvii. (1883), 
p. 169 sq. 


CHAPTER V. 
ON THE PROBLEMS KNOWN AS NEYZEI=. 


THE word veto.s, commonly inclinatio in Latin, is difficult to 
translate satisfactorily, but its meaning will be gathered from some 
general remarks by Pappus having reference to the two Books of 
Apollonius entitled vevces (now lost). Pappus says*, “A line is 
said to verge (vevew) towards a point if, being produced, it reach the 
point,” and he gives, among particular cases of the general form of 
the problem, the following. 

“Two lines being given in position, to place between them a 
straight line given in length and verging towards a given point.” 

“Tf there be given in position (1) a semicircle and a straight 
line at right angles to the base, or (2) two semicircles with their 
bases in a straight line, to place between the two lines a straight 
line given in length and verging towards a corner (ywviav) of a 
semicircle.” 

Thus a straight line has to be laid across two lines or curves so 
that it passes through a given point and the intercept on it between 
the lines or curves is equal to a given lengtht. 


§1. The following allusions to particular vevoeas are found in 
Archimedes. The proofs of Props. 5, 6, 7 of the book On Spirals 
use respectively three particular cases of the general theorem that, 


* Pappus (ed. Hultsch) viz. p. 670. 

+ In the German translation of Zeuthen’s work, Die Lehre von den 
Kegelschnitten im Altertum, vedo.s is translated by “ Einschiebung,”’ or as we 
might say “insertion,” but this fails to express the condition that the required 
line must pass through a given point, just as inclinatio (and for that matter the 
Greek term itself) fails to express the other requirement that the intercept on 
the line must be of given length. 
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Uf A be any point on a circle and BC any diameter, it is possible to 
draw through A a straight line, meeting the circle again in P and 
BC produced in R, such that the intercept PR is equal to any given 


length. In each particular case the fact is merely stated as true 
without any explanation or proof, and 


(1) Prop. 5 assumes the case where the tangent at A is parallel 
to BC, 


(2) Prop. 6 the case where the points A, P in the figure are 
interchanged, 


(3) Prop. 7 the case where A, P are in the relative positions 
shown in the figure. 

Again, (4) Props. 8 and 9 each assume (as before, without proof, 
and without giving any solution of the 
implied problem) that, if AZ, BC be two 
chords of a circle intersecting at right 
angles in a point D such that BD > DC, 
then it is possible to draw through A 
another line ARP, meeting BC wm F& and 
the circle again in P, such that PR = DE. 

Lastly, with the assumptions in Props. 
5, 6, 7 should be compared Prop. 8 of the 
Liber Asswmptorum, which may well be 
due to Archimedes, whatever may be said of the composition of the 
whole book. This proposition proves that, if in the first figure 
APR is so drawn that PR is equal to the radius OP, then the are 
AB is three times the arc PC. In other words, if an are AB of a 
circle be taken subtending any angle at the centre O, an arc equal 
to one-third of the given arc can be found, 1.¢, the given angle can be 
trisected, if only APR can be drawn through A im such a manner 


E 
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that the intercept PR between the circle and BO produced is equal te 
the radius of the circle. Thus the trisection of an angle is reduced to 
a vedo.s exactly similar to those assumed as possible in Props. 6, 7 
of the book On Spirals. 

The vevoes so referred to by Archimedes are not, in general, 
capable of solution by means of the straight line and circle alone, 
as may be easily shown. Suppose in the first figure that x 
represents the unknown length OF, where O is the middle point 
of BC, and that & is the given length to which PF is to be equal; 
also let OD=a, AD=6b, BC =2c. Then, whether BC be a diameter 
or (more generally) any chord of the circle, we have 


AR.RP=BR. RC, 
and therefore kb? + (w@— a)? =a?- Ce. 


The resulting equation, after rationalisation, is an equation of the 
fourth degree in x; or, if we denote the length of AZ by y, we have, 
for the determination of x and y, the two equations 

y? = (a ~- a)? + B? 

ky=x2-¢? } 
In other words, if we have a rectangular system of coordinate 
axes, the values of « and y satisfying the conditions of the problem 
can be determined as the coordinates of the points of intersection of 
a certain rectangular hyperbola and a certain parabola. 

In one particular case, that namely in which D coincides with O 
the middle point of BC, or in which A is one extremity of the 
diameter bisecting BC at right angles, a=0, and the equations 
reduce to the single equation 


y —ky=b' +’, 
which is a quadratic and ean be geometrically solved by the 


traditional method of application of areas; for, if w be substituted 
for y—k, so that w= AP, the equation becomes 


u(k+u)=0'? +0’, 


and we have simply “to apply to a straight line of length & a 
rectangle exceeding by a square figure and equal to a given 
area (67 + c?).” 

The other vevovs referred to in Props. 8 and 9 can be solved in 
the more general form where k, the given length to which PR 
is to be equal, has any value within a certain maximum and is not 
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necessarily equal to DZ, in exactly the same manner; and the two 
equations corresponding to (a) will be for the second figure 


2y 


y= (4-2)? + IRs Nan ie (8). 


ky =0 — 2 

Here, again, the problem can be solved by the ordinary method 
of application of areas in the particular case where AZ is the 
diameter bisecting BC at right angles; and it is interesting to note 
that this particular case appears to be assumed in a fragment 
of Hippocrates’ Quadrature of lunes preserved in a quotation 
by Simplicius* from Eudemus’ History of Geometry, while Hippo- 
crates flourished probably as early as 450 B.c. 

Accordingly we find that Pappus distinguishes different classes 
of vevoes corresponding to his classification of geometrical problems 
in general. According to him, the Greeks distinguished three kinds 
of problems, some being plane, others solid, and others linear. He 
proceeds thus}: ‘‘ Those which can be solved by means of a straight 
line and a circumference of a circle may properly be called plane 
(érimeda); for the lines by means of which such problems are 
solved have their origin in a plane. Those however which are 
solved by using for their discovery (evpeow) one or more of the 
sections of the cone have been called solid (creped); for the 
construction requires the use of surfaces of solid figures, namely, 
those of cones, There remains a third kind of problem, that 
which is called linear (ypappixov); for other lines [curves] besides 
those mentioned are assumed for the construction whose origin 
is more complicated and less natural, as they are generated from 
more irregular surfaces and intricate movements.” Among other 
instances of the linear class of curves Pappus mentions spirals, the 
curves known as quadratrices, conchoids and cissoids. He adds 
that “it seems to be a grave error which geometers fall into 
whenever any one discovers the solution of a plane problem by 
means of conics or linear curves, or generally solves it by means of 
a foreign kind, as is the case, for example, (1) with the problem in 
the fifth Book of the Conics of Apollonius relating to the parabola}, 

* Simplicius, Comment. in Aristot. Phys. pp. 61—68 (ed. Diels). The whole 
quotation is reproduced by Bretschneider, Die Geometrie und die Geometer vor 
Euklides, pp. 109—121. As regards the assumed construction see particularly 
p. 64 and p. xxiv of Diels’ edition; cf. Bretschneider, pp. 114, 115, and Zeuthen, 
Die Lehre von den Kegelschnitten im Altertum, pp. 269, 270. 


+ Pappus rv. pp. 270—272. 
+ Cf. Apollonius of Perga, pp. cxxvill. cxxix. 
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and (2) when Archimedes assumes in his work on the spiral a 
vevo.s of a solid character with reference to a circle; for it is 
possible without calling in the aid of anything solid to find the 
[proof of the] theorem given by the latter [Archimedes], that is, to 
prove that the circumference of the circle arrived at in the first 
revolution is equal to the straight line drawn at right angles to the 
initial line to meet the tangent to the spiral.” 

The “solid vetots” referred to in this passage is that assumed to 
be possible in Props. 8 and 9 of the book On Spirals, and is mentioned 
again by Pappus in another place where he shows how to solve the 
problem by means of conics*. This solution will be given later, but, 
when Pappus objects to the procedure of Archimedes as unorthodox, 
the objection appears strained if we consider what precisely it is that 
Archimedes assumes. It is not the actual solution which is assumed, 
but only its possibility ; and its possibility can be perceived without 
any use of conics. For in the particular case it is only necessary, 
as a condition of possibility, that DH in the second figure above 
should not be the maximum length which the intercept PR could 
have as APR revolves about A from the position AD# in the 
direction of the centre of the circle; and that DE is not the 
maximum length which PA can have is almost self-evident. In 
fact, if P, instead of moving along the circle, moved along the 
straight line through £ parallel to BC, and if ARP moved from the 
position ADE in the direction of the centre, the length of PR would 
continually increase, and a fortiori, so long as P is on the arc of the 
circle cut off by the parallel through # to BC, PR must be greater 
in length than DZ; and on the other hand, as ARP moves further 
in the direction of 5, it must sometime intercept a length PR 
equal to DE before P reaches B, when PR vanishes. Since, then, 
Archimedes’ method merely depends upon the theoretical possibility 
of a solution of the vedc.s, and this possibility could be inferred 
from quite elementary considerations, he had no occasion to use 
conic sections for the purpose immediately in view, and he cannot 
fairly be said to have solved a plane problem by the use of conics. 

At the same time we may safely assume that Archimedes 
was in possession of a solution of the vedous referred to. But there 
is no evidence to show how he solved it, whether by means of conics, 
or otherwise. That he would have been able to effect the solution, 


* Pappus Iv. p. 298 sq. 
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as Pappus does, by the use of conics cannot be doubted. A precedent 
for the introduction of conics where a “solid problem” had to be 
solved was at hand in the determination of two mean proportionals 
between two unequal straight lines by Menaechmus, the inventor of 
the conic sections, who used for the purpose the intersections of a 
parabola and a rectangular hyperbola. The solution of the cubic 
equation on which the proposition On the Sphere and Cylinder 11. 4 
depends is also effected by means of the intersections of a parabola 
‘with a rectangular hyperbola in the fragment given by Eutocius 
and by him assumed to be the work of Archimedes himself *. 

Whenever a problem did not admit of solution by means of the 
straight line and circle, its solution, where possible, by means of 
conics was of the greatest theoretical importance. First, the 
possibility of such a solution enabled the problem to be classified 
as a “solid problem”; hence the importance attached by Pappus 
to solution by means of conics. But, secondly, the method had 
other great advantages, particularly in view of the requirement that 
the solution of a problem should be accompanied by a d:opiopds 
giving the criterion for the possibility of a real solution. Often too 
the d.opiopos involved (as frequently in Apollonius) the determination 
of the number of solutions as well as the limits for their possibility. 
Thus, in any case where the solution of a problem depended on the 
intersections of two conics, the theory of conics afforded an effective 
means of investigating depicpol. 


§ 2. But though the solution of ‘solid problems” by means of 
conics had such advantages, it was not the only method open to 
Archimedes. An alternative would be the use of some mechanical 
construction such as was often used by the Greek geometers and is 
recognised by Pappus himself as a legitimate substitute for conics, 
which are not easy to draw in a planet. Thus in Apollonius’ 
solution of the problem of the two mean proportionals as given by 
Eutocius a ruler is supposed to be moved about a point until the 
points at which the ruler crosses two given straight lines at right 
angles are equidistant from a certain other fixed point; and the 
same construction is also given under Heron’s name. Another 
version of Apollonius’ solution is that given by Ioannes Philoponus, 
which assumes that, given a circle with diameter OC and two 


* See note to On the Sphere and Cylinder, 11. 4. 
+ Pappus m1. p. 54, 
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straight lines OD, OF through O and at right angles to one 
another, a line can be drawn through C, meeting the circle again 
in F and the two lines in D, £ respectively, such that the in- 
tercepts CD, FE are equal. This solution was no doubt discovered 
by means of the intersection of the circle with a rectangular hyper- 
bola drawn with OD, OF as asymptotes and passing through C’; 
and this supposition accords with Pappus’ statement that Apollonius 
solved the problem by means of the sections of the cone*. The 
equivalent mechanical construction is given by Eutocius as that 
of Philo Byzantinus, who turns a ruler about C until CD, FE are 
equal ft. 

Now clearly a similar method could be used for the purpose of 
effecting a veto1s. We have only to suppose a ruler (or any object 
with a straight edge) with two marks made on it at a distance 
equal to the given length which the problem requires to be 
intercepted between two curves by a line passing through the 
fixed point; then, if the ruler be so moved that it always passes 
through the fixed point, while one of the marked points on it follows 
the course of one of the curves, it is only necessary to move the 
ruler until the second marked point falls on the other curve. Some 
such operation as this may have led Nicomedes to the discovery of 
his curve, the conchoid, which he introduced (according to Pappus) 
into his doubling of the cube, and by which he also trisected an 
angle (according to the same authority). From the fact that 
Nicomedes is said to have spoken disrespectfully of Eratosthenes’ 
mechanical solution of the duplication problem, and therefore must 
have lived later than Eratosthenes, it is concluded that his date 
must have been subsequent to 200 B.c., while on the other hand 
he must have written earlier than 70 B.c., since Geminus knew the 
name of the curve about that date; Tannery places him between 
Archimedes and Apollonius}. While therefore there appears to 
be no evidence of the use, before the time of Nicomedes, of such 
a mechanical method of solving a vetois, the interval between 
Archimedes and the discovery of the conchoid can hardly have 
been very long. As a matter of fact, the conchoid of Nicomedes 
can be used to solve not only all the vevoers mentioned in Archimedes 
but any case of such a problem where one of the curves is a straight 


* Pappus 11. p. 56. 
+ For fuller details see Apollonius of Perga, pp. ¢xxv—cxxvii. 
{ Bulletin des Sciences Mathématiques, 2° série vir. p. 284, 
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line. Both Pappus and Eutocius attribute to Nicomedes the inven- 
tion of a machine for drawing his conchoid. AB is supposed to be 


a ruler with a slot in it parallel to its length, /Z a second ruler at 
right angles to the first with a fixed peg in it, C. This peg moves 
in a slot made in a third ruler parallel to its length, while this 
ruler has a fixed peg on it, D, in a straight line with the slot in 
which C moves ; and the peg D can move along the slot in AB. If 
then the ruler PD moves so that the peg D describes the length of 
the slot in AB on each side of F, the extremity of the ruler, P, 
describes the curve which is called a conchoid. Nicomedes called 
the straight line AB the ruler (xavdv), the fixed point C the pole 
(roXos), and the length PD the distance (didorypa); and the 
fundamental property of the curve, which in polar coordinates 
would now be denoted by the equation r=a+bsec 6, is that, if 
any radius vector be drawn from C to the curve, as CP, the length 
intercepted on the radius vector between the curve and the straight 
line AB is constant. Thus any vedo.s in which one of the two 
given lines is a straight line can be solved by means of the 
intersection of the other line with a certain conchoid whose pole 
is the fixed point to which the required straight line must verge 
(veve). In practice Pappus tells us that the conchoid was not 
always actually drawn, but that “some,” for greater convenience, 
moved the ruler about the fixed point until by trial the intercept 
was made equal to the given length*. 


§ 3, The following is the way in which Pappus applies 
conic sections to the solution of the vetous referred to in Props. 8, 9 
of the book On Spirals. He begins with two lemmas. 


* Pappus Iv. p. 246. 
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(1) If from a given point A any straight line be drawn meeting 
a straight line BC given in position in #, and if RQ be drawn 
perpendicular to BC and bearing a given ratio to Af, the locus of 
Q is a hyperbola. 


For draw AD perpendicular to BC, and on AD produced take A’ 
such that 
QR: RA=A'D: DA = (the given ratio). 
Measure DA” along DA equal to DA’. 
Then, if QV be perpendicular to AW, 
(AR?— AD?) : (QR? — A'D*) = (const.), 
or QN’: A'N . A” N = (const.) 


(2) If BC be given in length, and if RQ, a straight line drawn 
at right angles to BC from any point # on it, be such that 
BR. kC=k. RQ, 
where & is a straight line of given length, then the locus of Q isa 
parabola. 


Let O be the middle point of BC, and let OX be drawn at right 
angles to it and of such length that 


OC =k =KO. 
Draw QV’ perpendicular to OK. 
Then ON ?= OR = 00? — BR GRC 


=k.(KO— RQ), by hypothesis, 
aot! ee Gl er 
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In the particular case referred to by Archimedes (with the slight 
generalisation that the given length k to which PR is to be equal is 
not necessarily equal to DZ) we have 


(1) the given ratio RQ: AR is unity, or RQ=AR, whence A” 
coincides with A, and, by the first, lemma, 
QN?=AN .A'N, 
so that Q lies on a rectangular hyperbola. 


(2) BR. RC=AR. RP=k. AR=k. RQ, and, by the second 
lemma, @ lies on a certain parabola. 

If now we take O as origin, OC as axis of x and OK as axis of y, 
and if we put OD=a, AD=b, BC = 2c, the hyperbola and parabola 
determining the position of @ are respectively denoted by the 
equations 

(a—2)?= 4? — B, 
c’ —2° = ky, 
which correspond exactly to the equations (8) above obtained by 
purely algebraical methods. 

Pappus says nothing of the dvopeouds which is necessary to the 
complete solution of the generalised problem, the d:opicpds namely 
which determines the maximum value of k& for which the solution is 
possible. This maximum value would of course correspond to the 
case in which the rectangular hyperbola and the parabola touch one 
another. Zeuthen has shown* that the corresponding value of & can 
be determined by means of the intersection of two other hyperbolas or 
of a hyperbola and a parabola, and there is no doubt that Apollonius, 
with his knowledge of conics, and in accordance with his avowed 
object in giving the properties useful and necessary for d:opicpoé, 
would have been able to work out this particular diopucpos by means 
of conies; but there is no evidence to show that Archimedes investi- 
gated it by the aid of conics, or indeed at all, it being clear, as shown 
above, that it was not necessary for his immediate purpose. 

This chapter may fitly conclude with a description of (1) some 
important applications of vetoes given by Pappus, and (2) certain 
particular cases of the same class of problems which are plane, that 
is, can be solyed by the aid of the straight line and circle only, and 
which were (according to Pappus) shown by the Greek geometers to 
be of that character. 


* Zeuthen, Die Lehre von den Kegelschnitten im Altertum, pp. 273—5. 
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$4. One of the two important applications of ‘solid’ vedoes was 
discovered by Nicomedes, the inventor of the conchoid, who intro- 
duced that curve for solving a vedas to which he reduced the problem 
of doubling the cube* or (what amounts to the same thing) the finding 
of two mean proportionals between two given unequal straight lines. 

Let the given unequal straight lines be placed at right angles as 
CL, LA. Complete the parallelogram 4 BCL, and bisect AB at D, 
and BC at H. Join LD and produce it to meet CB produced in H. 
From # draw EF at right angles to BC, and take a point / on HF 
such that CF is equal to AD. Join HF, and through C draw CG 
parallel to HF. If we produce BC to K, the straight lines CG, CK 


form an angle, and we now draw from the given point F a straight 
line FGK, meeting CG, CK in G, K respectively, such that the 
intercept GK is equal to AD or FC. (This is the vetous to which 
the problem is reduced, and it can be solved by means of a conchoid 
with F as pole.) 
Join KL and produce it to meet BA produced in M. 
Then shall CK, AM be the required mean proportionals between 
CL, LA, or 
CL: CK=CK:AM=AM: AL. 
We have, by Eucl. 11. 6, 
BK . KC +CE*= ER’. 
If we add #F? to each side, 
BK . KC +CF*=FR?. 


Now, by parallels, 
MA:AB=ML: LK 


=BC;CK; 


* Pappus Iv. p. 242 sq. and m1. p. 58 sq.; Eutocius on Archimedes, On the 
Sphere and Cylinder, 11. 1 (Vol. 111. p. 114 8q.) 
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and, since AB=2AD, and BC =1HO, 
MA:AD=HC:CK 


= FG : GK, by parallels, 
whence, componendo, 
MD:AD=FK :GK. 


But GK = AD; therefore UD = FK, and MD? = FK*. 


Again, UD’?=BM . MA + AD’, 
and FR’ =BK . KC + CF”, from above, 
“while MD?’ = FR’, and AD? =CF’; 
therefore BM .MA=BK. KC. 
Hence CK: MA=BM: BK 
=MA:AL 


_-IC-CR I by parallels, 


that is, LC : CK=CK : MA=MA : AL. 


§ 5. The second important problem which can be reduced to 
a ‘solid’ vedo. is the trisection of any angle. One method of 
reducing it to a vedo.s has been mentioned above as following from 
Prop. 8 of the Liber Asswmptorum. This method is not mentioned 
by Pappus, who describes (iv. p. 272 sq.) another way of effecting 
the reduction, introducing it with the words, “The earlier 
geometers, when they sought to solve the aforesaid problem about 
the [trisection of the] angle, a problem by nature ‘solid,’ by 

‘plane’ methods, were unable to discover the solution; for they 
were not yet accustomed to the use of the sections of the cone, 
and were for that reason at a loss. Later, however, they trisected 
an angle by means of conics, having used for the discovery of it 
the following vetdous.” 

The vedors is thus enunciated: Given a rectangle ABCD, let it 
be required to draw through A a straight line AQA, meeting CD in 
@ and BC produced in R, such that the intercept QF is equal to a 
given length, & suppose. 

Suppose the problem solved, QF being equal to k&. Draw DP 
parallel to QF and #P parallel to CD, meeting in P. Then, in the 
parallelogram DR, DP = QR =k. 

Hence P lies on a circle with centre D and radius &. 

Again, by Eucl. 1. 43 relating to the complements of the 
parallelograms about the diagonal of the complete parallelogram, 

BC.CD=BR.QD 
=aPR.RB; 
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and, since BC. CD is given, it follows that P lies on a rectangular 
hyperbola with BR, BA as asymptotes and passing through D. 


Therefore, to effect the construction, we have only to draw this 
rectangular hyperbola and the circle with centre D and radius equal 
to &. The intersection of the two curves gives the point P, and R 
is determined by drawing PR parallel to DC. Thus AQAR is found. 

(Though Pappus makes ABCD a rectangle, the construction 
applies equally if ABCD is any parallelogram. |] 

Now suppose 48C to be any acute angle which it is required to 
trisect. Let AC be perpendicular to BC. Complete the parallelo- 
gram ADBC, and produce DA. 

Suppose the problem solved, and let the angle CBE be one-third 
of the angle ABC. Let BE meet AC in # and DA produced in F. 
Bisect HF in H, and join AZ. 

Then, since the angle ABZ is equal to twice the angle FBC and, 
by parallels, the angles EBC, HFA are equal, 


LABE=21LAFH= 1 AHB. 


Therefore AB=AH=HF, 
and EF=2HF 
= 2AB. 


Hence, in order to trisect the angle ABC, we have only to solve 
the following vedo.s: Given the rectangle ADBC whose diagonal 
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is AB, to draw through B a straight line BEF, meeting AC in E and 
DA produced in F, such that EF may be equal to twice AB; and this 
vevors is solved in the manner just shown. 

These methods of doubling the cube and trisecting any acute 
angle are seen to depend upon the application of one and the same 
vevots, which may be stated in its most general form thus. Given 
any two straight lines forming an angle and any fixed point 
which is not on either line, it is required to draw through the 
fixed point a straight line such that the portion of it intercepted 
betuzen the fixed lines is equal to a given length. Tf AE, AC be 


the fixed lines and # the fixed point, let the parallelogram ACBD 
be completed, and suppose that BYR, meeting CA in Qand AZ in 
f, satisfies the conditions of the problem, so that QF is equal to 
the given length. If then the parallelogram CQRP is completed, 
we may regard P as an auxiliary point to be determined in order 
that the problem may be solved ; and we have seen that P can be 
found as one of the points of intersection of (1) a circle with centre 
C and radius equal to k, the given length, and (2) the hyperbola 
which passes through C and has DH, DB for its asymptotes. 

It remains only to consider some particular cases of the problem 
which do not require conics for their solution, but are ‘plane’ 
problems requiring only the use of the straight line and circle. 


§ 6. We know from Pappus that Apollonius occupied him- 
self, in his two Books of vetoes, with problems of that type 
which were capable of solution by ‘plane’ methods. As a matter 
of fact, the above veto. reduces to a ‘plane’ problem in the 
particular case where B.lies on one of the bisectors of the angle 
between the two given straight lines, or (in other words) where the 
parallelogram ACBD is a rhombus or a square. Accordingly we 
find Pappus enunciating, as one of the ‘plane’ cases which had 


” 
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been singled out for proof on account of their greater utility for 
many purposes, the following*: Given a rhombus with one side 
produced, to fit into the exterior angle a straight line given in 
length and verging to the opposite angle ; and he gives later on, in 
his lemmas to Apollonius’ work, a theorem bearing on the problem 
with regard to the rhombus, and (after a preliminary lemma) 
a solution of the vedo.s with reference to a square. 

The question therefore arises, how did the Greek geometers 
discover these and other particular cases, where a problem which 
is in general ‘solid,’ and therefore requires the use of conics (or a 
mechanical equivalent), becomes ‘plane’? Zeuthen is of opinion that 
they were probably discovered as the result of a study of the general 
solution by means of conicst. I do not feel convinced of this, for 
the following reasons. 

(1) The authenticated instances appear to be very rare in 
which we should be justified in assuming that the Greeks used 
the properties of conics, in the same way as we should combine 
and transform two Cartesian equations of the second degree, for 
the purpose of proving that the intersections of two conics also 
lie on certain circles or straight lines. It is true that we may 
reasonably infer that Apollonius discovered by a method of this sort 
his solution of the problem of doubling the cube where, in place 
of the parabola and rectangular hyperbola used by Menaechmus, 
he employs the same hyperbola along with the circle which passes 
through the points common to the hyperbola and parabolat; but 
in the only propositions contained in his conics which offer an 
opportunity for making a similar reduction§$, Apollonius does not 
make it, and is blamed by Pappus for not doing so. In the pro- 
positions referred to the feet of the normals to a parabola drawn 
from a given point are determined as the intersections of the 
parabola with a certain rectangular hyperbola, and Pappus objects 


* Pappus vir. p..670. 

+ “Mit dieser selben Aufgabe ist nimlich ein wichtiges Beispiel dafiir 
verkniipft, dass man bemtiht war solche Falle zu entdecken, in denen Aufgaben, 
zu deren Losung im allgemeinen Kegelschnitte erforderlich sind, sich mittels 
Zirkel und Lineal lésen lassen, Da nun das Studium der allgemeinen Lésung 
durch Kegelschnitte das beste Mittel gewahrt solche Falle zu entdecken, so ist 
es ziemlich wahrscheinlich, dass man wirklich diesen Weg eingeschlagen hat.” 
Zeuthen, op. cit. p. 280. 

t+ Apollonius of Perga, p. CXxv, CXxvi. 

§ Ibid. p. cxxviii and pp. 182, 186 (Conics, v. 58, 62 
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to this method as an instance of discovering the solution of a 
‘plane’ problem by means of conics*, the objection having reference 
to the use of a hyperbola where the same points could be obtained 
as the intersections of the parabola with a certain circle. Now the 
proof of this latter fact would present no difficulty to Apollonius, 
and Pappus must have been aware that it would not; if therefore 
he objects in the circumstances to the use of the hyperbola, it is at 
least arguable that he would equally have objected had Apollonius 
‘brought in the hyperbola and used its properties for the purpose 
of proving the problem to be ‘plane’ in the particular case. 

(2) The solution of the general problem by means of conics 
brings in the auxiliary point P and the straight line CP. We 
should therefore naturally expect to find some trace of these in the 
particular solutions of the veto.s for a rhombus and square; but 
they do not appear in the corresponding demonstrations and figures 
given by Pappus. 

Zeuthen considers that the vedous with reference to a square was 
probably shown to be ‘plane’ by means of the same investigation 
which showed that the more general case of the rhombus was also 
capable of solution with the help of the straight line and circle 
only, i.e. by a systematic study of the general solution by means of 
conics. This supposition seems to him more probable than the view 
that the discovery of the plane construction for the square may have 
been accidental ; for (he,says) if the same problem is treated solely 
by the aid of elementary geometrical expedients, the discovery that 
it is ‘plane’ is by no means a simple mattert. Here, again, I am 
not convinced by Zeuthen’s argument, as it seems to me that a 
simpler explanation is possible of the way in which the Greeks were 
led to the discovery that the particular vevoers were plane. They 
knew in the first place that the trisection of a right angle was a 
‘plane’ problem, and therefore that half a right angle could be 
trisected by means of the straight line and circle. It followed 


* Pappus tv. p. 270. Cf. p. cili above. 

+ “ Die Ausfiihrbarkeit kann dann auf die zuerst angedeutete Weise gefunden 
sein, die den allgemeinen Fall, wo der Winkel zwischen den gegebenen Geraden 
beliebig ist, in sich begreift. Dies scheint mir viel wahrscheinlicher als die 
Annahme, dass die Entdeckung dieser ebenen Konstruction zufallig sein sollte ; 
denn wenn man dieselbe Aufgabe nur mittels rein elementar-geometrischer 
Hiilfsmittel behandelt, so liegt die Entdeckung, dass sie eben ist, ziemlich fern.” 
Zeuthen, op. cit. p, 282. 
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therefore that the corresponding vetous, ie. that for a square, was 
a ‘plane’ problem in the particular case where the given length 
to which the required intercept was to be equal was double of 
the diagonal of the square. This fact would naturally suggest 
the question whether the problem was still plane if & had 
any other value; and, when once this question was thoroughly 
investigated, the proof that the problem was ‘plane,’ and the 
solution of it, could hardly have evaded for long the pursuit of 
geometers so ingenious as the Greeks. This will, I think, be 
clear when the solution given by Pappus and reproduced below 
is examined. Again, after it had been proved that the vetows with 
reference to a square was ‘plane,’ what more natural than the further 
inquiry as to whether the intermediate case between that of the 
square and parallelogram, that of the rhombus, might perhaps be a 
‘plane’ problem ? 

As regards the actual solution of the plane vevoeis with respect 
to the rhombus and square, i.e. the cases in general where the fixed 
point B lies on one of the bisectors of the angles between the two 
given straight lines, Zeuthen says that only in one of the cases have 
we a positive statement that the Greeks solved the veto1s by means | 
of the circle and ruler, the case, namely, where AC BD is a square*. 
This appears to be a misapprehension, for not only does Pappus 
mention the case of the rhombus as one of the plane vevoes which 
the Greeks had solved, but it is clear, from a proposition given by 
him later, how it was actually solved. The proposition is stated 
by Pappus to be “involved” (zapafewpovpevov, meaning presumably 
“the subject of concurrent investigation”) in the 8th problem of 
Apollonius’ first Book of vevoes, and is enunciated in the following 
formy+. Given a rhombus AD with diameter BC produced to E,if HF 
be a mean proportional between BE, EC, and if a circle be described 
with centre E and radius EF cutting CD in K and AC produced in 
H, BEH shall be a straight line. The proof is as follows. 

Let the circle cut AC in Z, and join HE, KE, LE. Let LK 
meet BC in M. 


* “Tndessen besitzen wir doch nur in einem einzelnen hierher gehérigen 
Falle eine positive Angabe dariiber, dass die Griechen die Einschiebung mittels 
Zirkel und Lineal ausgefiihrt haben, wenn nimlich die gegebenen Geraden 
zugleich rechte Winkel bilden, AIBC also ein Quadrat wird.” Zeuthen, op. cit. 
p. 281. 

+ Pappus vir. p. 778. 
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Since, from the property of the rhombus, the angles LOM, KOM 
are equal, and therefore CL, CK make equal angles with the diameter 
FG of the circle, it follows that CL = CK. 


Also EK = EL, and CE is common to the triangles ECK, ECL. 
Therefore the said triangles are equal in all respects, and 


LCKE=LCLE=2CHE. 
Now, by hypothesis, 
EB: HF=EF: EC, 
or EB : HK =EK: EC (since EY = EK), 


and the angle CHK is common to the triangles BEK, KEC; there- 
fore the triangles BLK, KEC are similar, and 


LCBK=LCKE 
= CHE, from above. 
Again, LHCE =CACE =r BCK. 
Thus in the triangles CBX, CHE two angles are equal re- 
spectively ; 
therefore i CEH=2CKB. 


But, since « CKE=z2 CHE, from above, the points K, C, 2, H 
are concyclic. 
Hence . CEH + . CKH = (two right angles). 
Accordingly, since LCEH = CKB, 
4. CKH + 2 CKB = (two right angles), 
and BKH is a straight line. 
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Now the form of the proposition at once suggests that, in the 
8th problem referred to, Apollonius had simply given a construction 
involving the drawing of a circle cutting CD and AC produced in 
the points K, H respectively, and Pappus’ proof that BKH is a 
straight line is intended to prove that HK verges towards B, or (in 
other words) to verify that the construction given by Apollonius 
solves a certain vetors requiring BKH to be drawn so that KH is 
equal to a given length. 

The analysis leading to the construction must have been worked 
out somewhat as follows. 

Suppose BK drawn so that KH is equal to the given length &. 
Bisect KH at NV, and draw NE at right angles to KH meeting BC 
produced in £. 

Draw KI perpendicular to BC and produce it to meet CA in L. 
Then, from the property of the rhombus, the triangles KCM, LCM 
are equal in all respects. 

Therefore KM = ML; and accordingly, if IZV be joined, JZ, 
LH are parallel. 

Now, since the angles at I, WV are right, a circle can be described 
about EMKN. 


Therefore .CEK =z MMNK, in the same segment, 
=. CHK, by parallels. 
Hence a circle can be described about CEHK. It follows that 
LBCD=L.CHEK+LCKE 
=.CHK+LCHE 
=SRAK= EKA, 
Therefore the triangles HAH, DBC are similar. 
Lastly, LCKN=LCBK+zBCK; 


and, subtracting from these equals the equal angles EKN, BCK 
respectively, we have 
LEKC =7- EBK. 


Hence the triangles HBX, EKC are similar, and 
BE: EK= EK: EC, 
or BE. EC = ER®. 
But, by similar triangles, EX: KH = DC: CB, 
and the ratio DC’: CB is given, while KH is also given (=k). 


ON THE PROBLEMS KNOWN AS NEY2EI>, Cx1x 


Therefore ZK is given, and, in order to find #, we have only, in 
the Greek phrase, to “‘apply to BC a rectangle exceeding by a square 
figure and equal to the given area EK?.” 

Thus the construction given by Apollonius was clearly the 


following *. 
Tf k be the given length, take a straight line p such that 


pik= AB; BC, 


Apply to BC a rectangle exceeding by a square figure and equal to 
the area p*. Let BE. EC be this rectangle, and with E as centre and 
radius equal to p describe a circle cutting AC produced in H and 


CD in K. 
HK is then equal to 4, and verges towards B, as proved by 


Pappus; the problem is therefore solved. 


The construction used by Apollonius for the ‘plane’ vetous with 
reference to the rhombus having been thus restored by means of the 
theorem given by Pappus, we are enabled to understand the purpose 


* This construction was suggested to me by a careful examination of 
Pappus’ proposition without other aid; but it is no new discovery. 
Samuel Horsley gives the same construction in his restoration of Apollonii 
Pergaei Inclinationum libri duo (Oxford, 1770); he explains, however, that 
he went astray in consequence of a mistake in the figure given in the mss., 
and was unable to deduce the construction from Pappus’s proposition until he 
was recalled to the right track by a solution of the same problem by Hugo 
@Omerique. This solution appears in a work entitled, Analysis geometrica, sive 
nova et vera methodus resolvendi tam problemata geometrica quam arithmeticas 
quaestiones, published at Cadiz in 1698. D’Omerique’s construction, which is 
practically identical with that of Apollonius, appears to have been evolved by 
means of an independent analysis of his own, since he makes no reference to 
Pappus, as he does in other cases where Pappus is drawn upon (e.g. when giving 
the construction for the case of the square attributed by Pappus to one 
Heraclitus). The construction differs from that given above only in the fact 
that the circle is merely used to determine the point K, after which BK is joined 
and produced to meet AC in H. Of other solutions of the same problem two 
may here be mentioned. (1) The solution contained in Marino Ghetaldi’s 
posthumous work De Resolutione et Compositione Mathematica Libri quinque 
(Rome, 1630), and included among the solutions of other problems all purporting 
to be solved ‘‘ methodo qua antiqui utebantur,” is, though geometrical, entirely 
different from that above given, being effected by means of a reduction of the 
problem to a simpler plane vedois of the same character as that assumed by 
Hippocrates in his Quadrature of lunes. (2) Christian Huygens (De circuli 
magnitudine inventa; accedunt problematum quorundam illustrium constructiones, 
Lugduni Batavorum, 1654) gave a rather complicated solution, which may be 
described as a generalisation of Heraclitus’ solution in the case of a square. 
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for which Pappus, while still on the subject of the “8th problem ” 
of Apollonius, adds a solution for the particular case of the square 
(which he calls a “problem after Heraclitus”) with an introductory 
lemma. It seems clear that Apollonius did not treat the case of the 
square separately from the rhombus because the solution for the 
rhombus was equally applicable to the square, and this supposition 
is confirmed by the fact that, in setting out the main problems 
discussed in the vevoers, Pappus only mentions the rhombus and not 
the square. Being however acquainted with a solution by one 
Heraclitus of the vetous relating to a square which was not on the 
same lines as that of Apollonius, while it was not applicable to the 
case of the rhombus, Pappus adds it as an alternative method for 
the square which is worth noting*. This is no doubt the explanation 
of the heading to the lemma prefixed to Heraclitus’ problem which 
Hultsch found so much difficulty in explaining and put in brackets 
as an interpolation by a writer who misunderstood the figure 
and the object of the theorem. The words mean ‘Lemma useful 
for the [problem] with reference to squares taking the place 
of the rhombus” (literally “having the same property as the 
rhombus”), ie. a lemma useful for Heraclitus’ solution of the 


* This view of the matter receives strong support from the following 
facts. In Pappus’ summary (p. 670) of the contents of the vedoers of Apollonius 
“two cases” of the vefo.s with reference to the rhombus are mentioned last 
among the particular problems given in the first of the two Books. As we have 
seen, one case (that given above) was the subject of the “8th problem” of 
Apollonius, and it is equally clear that the other case was dealt with in the 
‘9th problem.” The other case is clearly that in which 
the line to be drawn through B, instead of crossing the y A (eo 
exterior angle of the rhombus at C, lies across the angle 
C itself, i.e. meets CA, CD both produced. In the former 
case the solution of the problem is always possible what- 
ever be the length of k; but in the second case clearly 5 
the problem is not capable of solution if k, the given 
length, is less than a certain minimum. Hence the 
problem requires a dtopiouds to determine the minimum K 
length of k. Accordingly we find Pappus giving, after 
the interposition of the case of the square, a ‘‘lemma useful for the diopiouds of 
the 9th problem,” which proves that, if CH=CK and B be the middle point of 
HK, then HK is the least straight line which can be drawn through B to meet 
CH, CK, Pappus adds that the d.opcués for the rhombus is then evident; if 
HK be the line drawn through B perpendicular to CB and meeting CA, CD 
produced in H, K, then, in order that the problem may admit of solution, the 
given length k must be not less than HK. 
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vedors in the particular case of a square*. The lemma is as 
follows. 

ABCD being a square, suppose BHE drawn so as to meet CD in 
H and AD produced in E, and let EF be drawn perpendicular to BE 
meeting BC produced in F. To prove that 

CF’ = BC? + HE. 

Suppose HG drawn parallel to DC meeting CF in G. Then 

since BHF is a right angle, the angles HBC, FEG are equal. 


A Pain aay eae 
B 


ae 


c G F 


Therefore the triangles BCH, EGF are equal in all respects, and 


EF= BH. 
Now BF’ = BE* + EF’, 
or BOS BEEBE EO] BH. BEY BE. LEH + hE. 


But, the angles HCP, HEF being right, the points C, H, H, F 
are concyclic, and therefore 
BC. BF=BH. BE. 
Subtracting these equals, we have 
BF. FC=BE.EH+ EF?’ 
= BE. EH + BH’ 
= BH. HE+ EH’ + BH’ 
=HB.BH + HH* 
=FB.BC + EH’. 


* Hultsch translates the words Afjuua xphomor els 7d éml rerpaydvwy movovvTwy 
Ta avTa TH pou“By (p. 780) thus, ‘‘ Lemma utile ad problema de quadratis quorum 
summa rhombo sequalis est,” and has a note in his Appendix (p. 1260) explaining 
what he supposes to be meant. The ‘squares’ he takes to be the given square 
and the square on the given length of the intercept, and the rhombus to be one 
for which he indicates a construction but which is not shown in Pappus’ figure. 
Thus he is obliged to translate 7@ pou8w as ‘a rhombus,” which is one objec- 
tion to his interpretation, while ‘‘whose squares are equal” scarcely seems a 
possible rendering of roodvrwy 7a ard. 
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Take away the common part BC. CF, and 
CF? = BC’ + EH’. 
Heraclitus’ analysis and construction are now as follows. 
Suppose that we have drawn BHE so that HE has a given 
length &. 


Since CF? = BC’? + EH’, or BC’ + F, 
and BC and & are both given, 
CF is given, and therefore BF is given. 


Thus the semicircle on BF as diameter is given, and therefore 
also #, its intersection with the given line ADE; hence BE is 
given. 

To effect the construction, we first find a square equal to the 
sum of the given square and the square on &. We then produce 
BC to F so that CF is equal to the side of the square so found. If 
a semicircle be now described on BF as diameter, it will pass above 
D (since CF’ > CD, and therefore BC .CF'>CD?), and will therefore 
meet AD produced in some point £. 

Join BE meeting CD in H. 

Then HE =k, and the problem is solved. 


CHAPTER VI. 
CUBIC EQUATIONS. 


Ir has often been explained how the Greek geometers were able 
to solve geometrically all forms of the quadratic equation which give 
positive roots ; while they could take no account of others because 
the conception of a negative quantity was unknown to them. The 
quadratic equation was regarded as a simple equation connecting 
areas, and its geometrical expression was facilitated by the methods 
which they possessed of transforming any rectilineal areas whatever 
into parallelograms, rectangles, and ultimately squares, of equal 
area ; its solution then depended on the principle of application of 
areas, the discovery of which is attributed to the Pythagoreans. 
Thus any plane problem which could be reduced to the geometrical 
equivalent of a quadratic equation with a positive root was at once 
solved. A particular form of the equation was the pure quadratic, 
which meant for the Greeks the problem of finding a square equal 
to a given rectilineal area. This area could be transformed into a 
rectangle, and the general form of the equation thus became a’ = ad, 
so that it was only necessary to find a mean proportional between a 
and 6. In the particular case where the area was given as the 
suin of two or more squares, or as the difference of two squares, 
an alternative method depended on the Pythagorean theorem of 
Eucl. 1. 47 (applied, if necessary, any number of times successively). 
The connexion between the two methods is seen by comparing 
Eucl. vi. 13, where the mean proportional between a and 6 is 
found, and Eucl. 1. 14, where the same problem is solved without 
the use of proportions by means of 1. 47, and where in fact the 


formula used is 
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The choice between the two methods was equally patent when the 
equation to be solved was a =pa*, where p is any integer; hence 
the ‘multiplication’ of squares was seen to be dependent on the 
finding of a mean proportional. The equation 2 =2a° was the 
simplest equation of the kind, and the discovery of a geometrical 
construction for the side of a square equal to twice a given square 
was specially important, as it was the beginning of the theory of 
incommensurables or ‘irrationals’ (a4Aéywv mpaypateia) which was 
invented by Pythagoras. There is every reason to believe that this 
successful doubling of the square was what suggested the question 
whether a construction could not be found for the doubling of the 
cube, and the stories of the tomb erected by Minos for his son and 
of the oracle bidding the Delians to double a cubical altar were no 
doubt intended to invest the purely mathematical problem with an 
element of romance. It may then have been the connexion between 
the doubling of the square and the finding of one mean proportional 
which suggested the reduction of the doubling of the cube to the 
problem of finding two mean proportionals between two unequal 
straight lines. This reduction, attributed to Hippocrates of Chios, 
showed at the same time the possibility of multiplying the cube ~ 
by any ratio. Thus, if «, y are two mean proportionals between 
a, b, we have 
Cin=ai y=y: d, 
and we derive at once 
G00 Sor; 


whence a cube (2°) is obtained which bears to a’ the ratio 6: a, 


while any fraction - can be transformed into a ratio between lines 


of which one (the consequent) is equal to the side a of the given 
cube. Thus the finding of two mean proportionals gives the solution 
of any pure cubic equation, or the equivalent of extracting the cube 
root, just as the single mean proportional is equivalent to extracting 
the square root. For suppose the given equation to be a? = bed. 
We have then only to find a mean proportional a between ¢ and d, 


and the equation becomes Daa .baa.- which is exactly the 


multiplication of a cube by a ratio between lines which the two 
mean proportionals enable us to effect. 

As a matter of fact, we do not find that the great geometers 
were in the habit of reducing problems to the multiplication of the 
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cube eo nomine, but to the equivalent problem of the two mean 
proportionals ; and the cubic equation a* =a is not usually stated 
in that form but as a proportion. Thus in the two propositions On 
the Sphere and Cylinder u. 1, 5, where Archimedes uses the two 
mean proportionals, it is required to find « where 
Gee = 020 
he does not speak of finding the side of a cube equal to a certain 
parallelepiped, as the analogy of finding a square equal to a given 
rectangle might have suggested. So far therefore we do not find 
any evidence of a general system of adding and subtracting solids 
by transforming parallelepipeds into cubes and cubes into parallel- 
epipeds which we should have expected to see in operation if the 
Greeks had systematically investigated the solution of the general 
form of the cubic equation by a method analogous to that of the 
application of areas employed in dealing with quadratic equations. 
The question then arises, did the Greek geometers deal thus 


generally with the cubic equation 
e+an’+ Be+T=0, 

which, on the supposition that it was regarded as an independent 
problem in solid geometry, would be for them a simple equation 
between solid figures, « and a both representing linear magnitudes, 
B an area (a rectangle), and Ta volume (a parallelepiped)? And 
was the reduction of a p¥yoblem of an order higher than that which 
could be solved by means of a quadratic equation to the solution of 
a cubic equation in the form shown above a regular and recognised 
method of dealing with such a problem? The only direct evidence 
pointing to such a supposition is found in Archimedes, who reduces 
the problem of dividing a sphere by a plane into two segments 
whose volumes are in a given ratio (On the Sphere and Cylinder u. 4) 
to the solution of a cubic equation which he states in a form 
equivalent to 


where a is the radius of the sphere, m:m the given ratio (being a 
ratio between straight lines of which m>), and « the height of the 
greater of the required segments. Archimedes explains that this is 
a particular case of a more general problem, to divide a straight 
line (a) into two parts (x, a—«) such that one part (w—2) is to an- 
other given straight line (c) as a given area (which for convenience’ 
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sake we suppose transformed into a square, 6’) is to the square on 
the other part (x’), i.e. so that 


(G— 2) FOO EH, cereveseenr onsen eS RARE (2). 


He further explains that the equation (2) stated thus generally 
requires a dS.opicpds, i.e. that the limits for the possibility of a real 
solution, etc., require to be investigated, but that the particular case 
(with the conditions obtaining in the particular proposition) requires 
no S.opicpos, i.e. the equation (1) will always give a real solution. 
He adds that “the analysis and synthesis of both these problems 
will be given at the end.” That is, he promises to give separately a 
complete investigation of the equation (2), which is equivalent to the 
cubic equation 


and to apply it to the particular case (1). 

Wherever the solution was given, it was temporarily lost, having 
apparently disappeared even before the time of Dionysodorus and 
Diocles (the latter of whom lived, according to Cantor, not later 
than about 100 B.c.); but Eutocius describes how he found an 
old fragment which appeared to contain the original solution of 
Archimedes, and gives it in full. It will be seen on reference to 
Eutocius’ note (which I have reproduced immediately after the 
proposition to which it relates, On the Sphere and Cylinder 11. 4) 
that the solution (the genuineness of which there seems to be no 
reason to doubt) was effected by means of the intersection of a 
parabola and a rectangular hyperbola whose equations may re- 


spectively be written thus, 
b? 


22 
a ceeds 


(a —x) y=ac, 


The dopicpes takes the form of investigating the maximum 
possible value of x’ (a—«x), and it is proved that this maximum 


2 
value for a real solution is that corresponding to the value x = =a. 


3 
This is established by showing that, if 6’c =. a’, the curves touch 
at the point for which 25 a. Ifon the other hand 6’c ae a*, it 


is proved that there are two real solutions. In the particular case 
(1) it is clear that the condition for a real solution is satisfied, for 
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m 


the expression in (1) corresponding to 6’c in (2) is * 
m+n 


4a3, and it 
is only necessary that 
m 
m+n 
which is obviously true. 
Hence it is clear that not only did Archimedes solve the cubic 
equation (3) by means ofthe intersections of two conics, but he also 
discussed completely the conditions under which there are 0, 1 or 2 
roots lying between 0 and a. It is to be noted further that the 
Svopicues is similar in character to that by which Apollonius 
investigates the number of possible normals that can be drawn 
to a conic from a given point*. Lastly, Archimedes’ method is 
seen to be an extension of that used by Menaechmus for the solution 
of the pure cubic equation. This can be put in the form 


Cee aa; 


which can again be put in Archimedes’ form thus, 


4a3 > - (3a)%, or 4a?, 


Ore ST; 
and the conics used by Menaechmus are respectively 
x’ = ay, cy =ab, 
which were of course suggested by the two mean proportionals 
satisfying the equations 
(fe = 2. Y= Yb. 

The case above described is not the only one where we may 
assume Archimedes to have solved a problem by first reducing it 
to a cubic equation and then solving that. At the end of the 
preface to the book On Conoids and Spheroids he says that the 
results therein obtained may be used for discovering many theorems 
and problems, and, as instances of the latter, he mentions the 
following, “from a given spheroidal figure or conoid to cut off, 
by a plane drawn parallel to a given plane, a segment which shall 
be equal to a given cone or cylinder, or to a given sphere.” Though 
Archimedes does not give the solutions, the following considerations 
may satisfy us as to his method. 


(1) The case of the ‘right-angled conoid’ (the paraboloid of 
revolution) is a ‘plane’ problem and therefore does not concern us 


here. 


* Cf. Apollonius of Perga, p. 168 sqq. 
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(2) In the case of the spheroid, the volume of the whole 
spheroid could be easily ascertained, and, by means of that, the 
ratio between the required segment and the remaining segment ; 
after which the problem could be solved in exactly the same way 
as the similar one in the case of the sphere above described, 
since the results in On Conoids and Spheroids, Props. 29—32, 
correspond to those of On the Sphere and Cylinder 1. 2. Or 
Archimedes may have proceeded in this case by a more direct 
method, which we may represent thus. Let a plane be drawn 
through the axis of the spheroid perpendicular to the given 
plane (and therefore to the base of the required segment). This 
plane will cut the elliptical base of the segment in one of its 
axes, which we will call 2y. Let « be the length of the axis 
of the segment (or the length intercepted within the segment 
of the diameter of the spheroid passing through the centre of the 
base of the segment). Then the area of the base of the segment will 
vary as y° (since all sections of the spheroid parallel to the given 
plane must be similar), and therefore the volume of the cone which 
has the same vertex and base as the required segment will vary as 
yx. And the ratio of the volume of the segment to that of the 
cone is (On Conoids and Spheroids, Props. 29—-32) the ratio 
(3a —a) : (2a—a), where 2a is the length of the diameter of the 
spheroid which passes through the vertex of the segment. There- 
fore 


where C is a known volume. Further, since a, y are the coordinates 
of a point on the elliptical section of the spheroid made by the plane 
through the axis perpendicular to the cutting plane, referred to a 
diameter of that ellipse and the tangent at the extremity of the 
diameter, the ratio y°:«(2a—a) is given. Hence the equation 
can be put in the form 
a? (3a — 2) = be, 

and this again is the same equation as that solved in the fragment 
given by Eutocius. A dsopiopds is formally necessary in this case, 
though it only requires the constants to be such that the volume 
to which the segment is to be equal must be less than that of the 
whole spheroid. 


(3) For the ‘obtuse-angled conoid’ (hyperboloid of revolution) 
it would be necessary to use the direct method just described for 
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the spheroid, and, if the notation be the same, the corresponding 
equations will be found, with the help of On Conoids and Spheroids, 
Props. 25, 26, to be 
2. Sate 
“Qa+a 


C; 


and, since the ratio y? : « (2a +) is constant, 
x° (3a + x) = b’e. 


If this equation is written in the form of a proportion like the 
similar one above, it becomes 
6° : a =(8a+a) +6. 

There can be no doubt that Archimedes solved this equation as 
well as the similar one with a negative sign, ie. he solved the two 
equations 

x’ + ax’ ¥ b’c=0, 
obtaining all their positive real roots. In other words, he solved 
completely, so far as the real roots are concerned, a cubic equation 
in which the term in x is absent, although the determination of the 
positive and negative roots of one and the same equation meant for 
him two separate problems. And it is clear that all cubic equations 
can be easily reduced to the type which Archimedes solved. 

We possess one other solution of the cubic equation to which 
the division of a sphere into segments bearing a given ratio to one 
another is reduced by Archimedes. This solution is by Dionysodorus, 
and is given in the same note of Eutocius*. Dionysodorus does not 
generalise the equation, however, as is done in the fragment quoted 
above ; he merely addresses himself to the particular case, 

4a’: x? = (3a—«x) : eect 
M+n 
thereby avoiding the necessity for a Siopicpds. The curves which he 
uses are the parabola 


— = 3 
Was (3a—a@)=y 
and the rectangular hyperbola 
is Bice 
ce 2a’ = xy. 


When we turn to Apollonius, we find him emphasising in his 


* On the Sphere and Cylinder 1. 4 (note at end). 
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preface to Book tv. of the Conics* the usefulness of investigations 
of the possible number of points in which conics may intersect one 
another or circles, because “they at all events afford a more ready 
means of observing some things, e.g. that several solutions are 
possible, or that they are so many in number, and again that no 
solution is possible”; and he shows his mastery of this method 
of investigation in Book v., where he determines the number of 
normals that can be drawn to a conic through any given point, the 
condition that two normals through it coincide, or (in other words) 
that the point lies on the evolute of the conic, and so on. For these 
purposes he uses the points of intersection of a certain rectangular 
hyperbola with the conic in question, and among the cases we find 
(v. 51, 58, 62) somé which can be reduced to cubic equations, those 
namely in which the conic is a parabola and the axis of the parabola 
is parallel to one of the asymptotes of the hyperbola. Apollonius 
however does not bring in the cubic equation ; he addresses himself 
to the direct geometrical solution of the problem in hand without 
reducing it to another. This is after all only natural, because the 
solution necessitated the drawing of the rectangular hyperbola in 
the actual figure containing the conic in question; thus, e.g. in the 
case of the problem leading to a cubic equation, Apollonius can, so 
to speak, compress two steps into one, and the introduction of the 
cubic as such would be mere surplusage. The case was different 
with Archimedes, when he had no conic in his original figure ; and 
the fact that he set himself to solve a cubic somewhat more general 
than that actually involved in the problem made separate treatment 
with a number of new figures necessary. Moreover Apollonius was 
at the same time dealing, in other propositions, with cases which did 
not reduce to cubics, but would, if put in an algebraical form, lead 
to biquadratic equations, and these, expressed as such, would have 
had no meaning for the Greeks ; there was therefore the less reason 
in the simpler case to introduce a subsidiary problem. 

As already indicated, the cubic equation, as a subject of syste- 
matic and independent study, appears to have been lost sight of 
within a century or so after the death of Archimedes. Thus Diocles, 
the discoverer of the cissoid, speaks of the problem of the division of 
the sphere into segments in a given ratio as having been reduced 
by Archimedes “to another problem, which he does not solve in 
his work on the sphere and cylinder”; and he then proceeds to 


* Apollonius of Perga, p. \xxiii. 
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solve the original problem directly, without in any way bringing 
in the cubic. This circumstance does not argue any want of 
geometrical ability in Diocles; on the contrary, his solution of the 
original problem is a remarkable instance of dexterity in the use of 
conics for the solution of a somewhat complicated problem, and it 
proceeds on independent lines in that it depends on the intersection 
of an ellipse and a rectangular hyperbola, whereas the solutions of 
the cubic equation have accustomed us to the use of the parabola 
and the rectangular hyperbola. I have reproduced Diocles’ solution 
in its proper place as part of the note of Eutocius on Archimedes’ 
proposition; but it will, I think, be convenient to give here its 
equivalent in the ordinary notation of analytical geometry, in 
accordance with the plan of this chapter. Archimedes had proved 
[On the Sphere and Cylinder 11. 2] that, if & be the height of a 
segment cut off by a plane from a sphere of radius a, and if h be 
the height of the cone standing on the same base as that of the 
segment and equal in volume to the segment, then 


(3a—k) : (Qa—-k)=h:k. 
Also, if h’ be the height of the cone similarly related to the 
remaining segment of the sphere, 


(a+k):k=h'; (2a—kh). 
From these equations we derive 

(hk) :k=a: (2a—h), 
and (h'—2a+k) : (2a -k)=a:k. 

Slightly generalising these equations by substituting for a in the 
third term of each proportion another length 6, and adding the 
condition that the segments (and therefore the cones) are to bear to 
each other the ratio m:m, Diocles sets himself to solve the three 
equations 

(h—k): k=6: (2a—hk) 
(h'-Qa+k):(2Qa-—k)=b 2h he vrerseseeeeeees (A). 
and h:W=m:n 

Suppose m>n, so that k>a, The problem then is to divide a 
straight line of length 2a into two parts & and (2a—h) of which k is 
the greater, and which are such that the three given equations are 
all simultaneously satisfied. 

Imagine two coordinate axes such that the origin is the middle 
point of the given straight line, the axis of y is at right angles to it, 
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and a is positive when measured along that half of the given straight 
line which is to contain the required point of division. Then the 
conics drawn by Diocles are 


(1) the ellipse represented by the equation 
(y+a-a)=— {(a+b)'—2%, 


and (2) the rectangular hyperbola 
(x +a) (y + 6) = 2ab. 


One intersection between these conics gives a value of x between 0 
and a, and leads to the solution required. Treating the equations 
algebraically, and eliminating y by means of the second equation 
which gives 

aa 


Y=G +e b, 
we obtain from the first equation 
6b \? nn 
x 2 oa. eas Sie. 2 
(a — x) (1+) me + 8) ech 
that is, (a+2)'(a+b-2) =~ (a-a) (@+ O42) cree (B). 


In other words Diocles’ method is the equivalent of solving a 
complete cubic equation containing all the three powers of x and a 
constant, though no mention is made of such an equation. 

To verify the correctness of the result we have only to remember 
that, x being the distance of the point of division from the middle 
point of the given straight line, 

k=a+a, 2a-k=a-x. 
Thus, from the first two of the given equations (A) we obtain 
respectively 


a+x 
h=a+x+——_.), 
a—x 


a—x 
h'=a-“2%+——.), 
atx 


whence, by means of the third equation, we derive 
(a+2)'(a+b-2)=— (a-a) (a+ b+2), 


which is the same equation as that found by elimination above (B). 
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I have purposely postponed, until the evidence respecting the 
Greek treatment of the cubic equation was complete, any allusion 
to an interesting hypothesis of Zeuthen’s* which, if it could be 
accepted as proved, would explain some difficulties involved in 
Pappus’ account of the orthodox classification of problems and loci. 
I have already quoted the passage in which Pappus distinguishes 
the problems which are plane (émieda), those which are solid (oreped) 
and those which are linear (ypappixd)t. Parallel to this division of 
‘problems into three orders or classes is the distinction between three 
classes of locit. The first class consists of plane loci (ré7ot érrimeSot) 
which are exclusively straight lines and circles, the second of solid 
loct (romou orepeot) which are conic sections$, and the third of 
linear loci (romou ypapptxoi). It is at the same time clearly implied 
by Pappus that problems were originally called plane, solid or linear 
respectively for the specific reason that they required for their 
solution the geometrical loci which bore the corresponding names. 
But there are some logical defects in the classification both as 
regards the problems and the loci. 


(1) Pappus speaks of its being a serious error on the part of 
geometers to solve a plane problem by means of conics (i.e. ‘solid 
loci’) or ‘linear’ curves, and generally to solve a problem “by means 
of a foreign kind” (€ avoxelov yévous). If this principle were 
applied strictly, the objection would surely apply equally to the 
solution of a ‘solid’ préblem by means of a ‘linear’ curve. Yet, 
though e.g. Pappus mentions the conchoid and the cissoid as being 
‘linear’ curves, he does not object to their employment in the 
solution of the problem of the two mean proportionals, which is a 
‘solid’ problem. 

(2) The application of the term ‘solid loci’ to the three conic 
sections must have reference simply to the definition of the curves 
as sections of a solid figure, viz. the cone, and it was no doubt in 
contrast to the ‘solid locus’ that the ‘plane locus’ was so called. 
This agrees with the statement of Pappus that ‘plane’ problems may 


* Die Lehre von den Kegelschnitten, p. 226 sqq. 

+ p. ciil. 

+ Pappus vir. pp. 652, 662. 

§ It is true that Proclus (p. 394, ed. Friedlein) gives a wider definition of 
“ golid lines” as those which arise “from some section of a solid figure, as the 
cylindrical helix and the conic curves”; but the reference to the cylindrical 
helix would seem to be due to some confusion. 
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properly be so called because the lines by means of which they are 
solved “have their origin in a plane.” But, though this may be 
regarded as a satisfactory distinction when ‘plane’ and ‘solid’ loci 
are merely considered in relation to one another, it becomes at once 
logically defective when the third or ‘linear’ class is also brought 
in. For, on the one hand, Pappus shows how the ‘ quadratrix’ (a 
‘linear’ curve) can be produced by a construction in three 
dimensions (“by means of surface-loci,” dd radv mpds emupavetas 
rémwv); and, on the other hand, other ‘linear’ loci, the conchoid 
and cissoid, have their origin in a plane. If then Pappus’ account 
of the origin of the terms ‘plane’ and ‘solid’ as applied to problems 
and loci is literally correct, it would seem necessary to assume that 
the third name of ‘linear’ problems and loci was not invented until 
a period when the terms ‘plane’ and ‘solid loci’ had been so long 
recognised and used that their origin was forgotten. 

To get rid of these difficulties, Zeuthen suggests that the terms 
‘plane’ and ‘solid’ were first applied to problems, and that they 
came afterwards to be applied to the geometrical loci which were 
used for the purpose of solving them. On this interpretation, when 
problems which could be solved by means of the straight line and 
circle were called ‘plane,’ the term is supposed to have had reference, 
not to any particular property of the straight line or circle, but to 
the fact that the problems were such as depend on an equation of a 
degree not higher than the second. The solution of a quadratic 
equation took the geometrical form of application of areas, and the 
term ‘plane’ became a natural one to apply to the class of problems 
so soon as the Greeks found themselves confronted with a new class 
of problems to which, in contrast, the term ‘solid’ could be applied. 
This would happen when the operations by which problems were 
reduced to applications of areas were tried upon problems which 
depend on the solution of a cubic equation. Zeuthen, then, 
supposes that the Greeks sought to give this equation a similar 
shape to that which the reduced ‘plane’ problem took, that is, to 


form a simple equation between solids corresponding to the cubic 
equation 
e+ae?+ Be+T=0; 
the term ‘solid’ or ‘plane’ being then applied according as it had 
been reduced, in the manner indicated, to the geometrical equivalent 
of a cubic or a quadratic equation. 
Zeuthen further explains the term ‘linear problem’ as having 


CUBIC EQUATIONS. CXXXV 


been invented afterwards to describe the cases which, being 
equivalent to algebraical equations of an order higher than the 
third, would not admit of reduction to a simple relation between 
lengths, areas and volumes, and either could not be reduced to an 
equation at all or could only be represented as such by the use of 
compound ratios. The term ‘linear’ may perhaps have been applied 
because, in such cases, recourse was had to new classes of curves, 
directly and without any intermediate step in the shape of an 
equation. Or, possibly, the term may not have been used at all 
until a time when the original source of the names ‘plane’ and 
‘solid’ problems had been forgotten. 

On these assumptions, it would still be necessary to explain how 
Pappus came to give a more extended meaning to the term ‘solid 
problem,’ which according to him equally includes those problems 
which, though solved by the same method of conics as was used to 
solve the equivalent of cubics, do not reduce to cubic equations but 
to biquadratics, This is explained by the supposition that, the 
cubic equation having by the time of Apollonius been obscured 
from view owing to the attention given to the method of solution 
by means of conics and the discovery that the latter method was 
one admitting of wider application, the possibility of solution by 
means of conics came itself to be regarded as the criterion deter- 
mining the class of problem, and the name ‘solid problem’ came 
to be used in the sensesgiven to it by Pappus through a natural 
misapprehension. A similar supposition would account, in Zeuthen’s 
view, for a circumstance which would otherwise seem strange, viz. 
that Apollonius does not use the expression ‘solid problem,’ though 
it might have been looked for in the preface to the fourth Book 
of the Conics. The term may have been avoided by Apollonius 
because it then had the more restricted meaning attributed to it by 
Zeuthen and therefore would not have been applicable to all the 
problems which Apollonius had in view. 

It must be admitted that Zeuthen’s hypothesis is in several 
respects attractive. I cannot however feel satisfied that the 
positive evidence in favour of it is sufficiently strong to outweigh 
the authority of Pappus where his statements tell the other way. 
To make the position clear, we have to remember that Menaechmus, 
the discoverer of the conic sections, was a pupil of Eudoxus who 
flourished about 365 B.c.; probably therefore we may place the 
discovery of conics at about 350 B.c. Now Aristaeus ‘the elder’ 
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wrote a book on solid loci (arepeot toror) the date of which Cantor 
concludes to have been about 320 B.c. Thus, on Zeuthen’s hypo- 
thesis, the ‘solid problems’ the solution of which by means of conics 
caused the latter to be called ‘solid loci’ must have been such as 
had been already investigated and recognised as solid problems 
before 320 B.c., while the definite appropriation, so to speak, of the 
newly discovered curves to the service of the class of problems must 
have come about in the short period between their discovery and 
the date of Aristaeus’ work. It is therefore important to consider 
what particular problems leading to cubic equations appear to have 
been the subject of speculation before 320 B.c. We have certainly 
no ground for assuming that the cubic equation used by Archimedes 
(On the Sphere and Cylinder 11. 4) was one of these problems ; for 
the problem of cutting a sphere into segments bearing a given ratio 
to one another could not have been investigated by geometers who 
had not succeeded in finding the volume of a sphere and a segment 
of a sphere, and we know that Archimedes was the first to discover 
this. On the other hand there was the duplication of the cube, or 
the solution of a pure cubic equation, which was a problem dating 
from very early times. Also it is certain that the trisection of an 
angle had Jong exercised the minds of the Greek geometers. Pappus 
says that “the ancient geometers” considered this problem and first 
tried to solve it, though it was by nature a solid problem (rpoBAnpa 
7H pvoe orepeov trdpxov), by means of plane considerations (84 trav 
érurédwv) but failed; and we know that Hippias of Elis invented, 
about 420 B.c., a transcendental curve which was capable of being 
used for two purposes, the trisection of an angle, and the quadrature 
of a circle*. This curve came to be called the Quadratrixt, but, as 
Deinostratus, a brother of Menaechmus, was apparently the first to 
apply the curve to the quadrature of the circlet, we may no doubt 
conclude that it was originally intended for the purpose of trisecting 


* Proclus (ed. Friedlein), p. 272. 

+ The character of the curve may be described as follows. Suppose there 
are two rectangular axes Oy, Ox and that a straight line OP of a certain length 
(a) revolves uniformly from a position along Oy to a position along Oz, while a 
straight line remaining always parallel to Ox and passing through P in its 
original position also moves uniformly and reaches Oz in the same time as the 
moving radius OP. The point of intersection of this line and OP describes the 
Quadratrix, which may therefore be represented by the equation 

y/a= 26/7. 

+ Pappus rv. pp, 250—2. 
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an angle. Seeing therefore that the Greek geometers had used their 
best efforts to solve this problem before the invention of conics, it 
may easily be that they had succeeded in reducing it to the geo- 
metrical equivalent of a cubic equation. They would not have been 
unequal to effecting this reduction by means of the figure of the 
vedois given above on p. cxii. with a few lines added. The proof 
would of course be the equivalent of eliminating « between the two 
equations : 


ay = ab 
Cae tates | Scie via’ vse sie ves baie (a) 
where x=DF, y=FP= EC, a=DA, b=DB. 


The second equation gives 


(a + a) (x— 3a) = (y +b) (3b —y). 
From the first equation it is easily seen that 


(x+a):(y+b)=a:y, 


and that ; (x — 3a) y= a (b — 3y); 
we have therefore (6 = BY) = (BD — ¥) sate. seven. istieat es (B) 
[or y? — 3by’ — 3a°y + a’b = 0}. 


If then the trisection of an angle had been reduced to the geo- 
metrical equivalent of this cubic equation, it would be natural for 
the Greeks to speak of it as a solid problem. In this respect it 
would be seen to be similar in character to the simpler problem of 
the duplication of the cube or the equivalent of a pure cubic 
equation; and it would be natural to see whether the transformation 
of volumes would enable the mixed cubic to be reduced to the form 
of the pure cubic, in the same way as the transformation of areas 
enabled the mixed quadratic to be reduced to the pure quadratic. 
The reduction to the pure cubic would soon be seen to be impossible, 
and the stereometric line of investigation would prove unfruitful 
and be abandoned accordingly. 

The two problems of the duplication of the cube and the 
trisection of an angle, leading in one case to a pure cubic equation 
and in the other to a mixed cubic, are then the only problems 
leading to cubic equations which we can be certain that the Greeks 
had occupied themselves with up to the time of the discovery of the 
conic sections. Menaechmus, who discovered these, showed that 
they could be successfully used for finding the two mean propor- 
tionals and therefore for solving the pure cubic equation, and the 
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next question is whether it had been proved before the date of 
Aristaeus’ Solid Loci that the trisection of an angle could be 
effected by means of the same conics, either in the form of the 
vedois above described directly and without the reduction to a cubic 
equation, or in the form of the subsidiary cubic (8). Now (1) the 
solution of the cubic would be somewhat difficult in the days when 
conics were still a new thing. The solution of the equation () as 
such would involve the drawing of the conics which we should 
represent by the equations 
sy=a*, 
ba = 3a’ + 3by —y’, 


and the construction would be decidedly more difficult than that 
used by Archimedes in connexion with his cubic, which only requires 
the construction of the conics 


(a-«) y=ac; 


hence we can hardly assume that the trisection of an angle in the 
form of the subsidiary cubic eguation was solved by means of conics 
before 320 B.c. (2) The angle may have been trisected by means 
of conics in the sense that the vetous referred to was effected by 
drawing the curves (a), i.e. a rectangular hyperbola and a circle. 
This could easily have been done before the date of Aristaeus ; but 
if the assignment of the name ‘solid loci’ to conics had in view their 
applicability to the direct solution of the problem in this manner 
without any reference to the cubic equation, or simply because 
the problem had been before proved to be ‘solid’ by means of the 
reduction to that cubic, then there does not appear to be any 
reason why the Quadratrix, which had been used for the same 
purpose, should not at the time have been also regarded as a ‘solid 
locus,’ in which case Aristaews could hardly have appropriated the 
latter term, in his work, to conics alone. (3) The only remaining 
alternative consistent with Zeuthen’s view of the origin of the 
name ‘solid locus’ appears to be to suppose that conics were so 
called simply because they gave a means of solving one ‘solid 
problem,’ viz. the doubling of the cube, and not a problem of the 
more general character corresponding to a mixed cubic equation, in 
which case the justification for the general name ‘solid locus’ could 
only be admitted on the assumption that it was adopted at a time 
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when the Greeks were still hoping to be able to reduce the general 
cubic equation to the pure form. I think however that the 
traditional explanation of the term is more natural than this 
would be. Conics were the first curves of general interest for 
the description of which recourse to solid figures was necessary as 
distinct from the ordinary construction of plane figures in a plane*; 
hence the use of the term ‘solid locus’ for conics on the mere ground 
-of their solid origin would be a natural way of describing the new 
class of curves in the first instance, and the term would be likely 
to remain in use, even when the solid origin was no longer thought 
of, just as the individual conics continued to be called “ sections of 
a right-angled, obtuse-angled, and acute-angled” cone respectively. 
While therefore, as I have said, the two problems mentioned 
might naturally have been called ‘solid problems’ before the dis- 
covery of ‘solid loci,’ I do not think there is sufficient evidence 
to show that ‘solid problem’ was then or later a technical term 
for a problem ‘capable of reduction to a cubic equation in the sense 
of implying that the geometrical equivalent of the general cubic 
equation was investigated for its own sake, independently of its 
applications, and that it ever occupied such a recognised position 
in Greek geometry that a problem would be considered solved so 
soon as it was reduced to a cubic equation. If this had been so, 
and if the technical term for such a cubic was ‘solid problem,’ I 
find it hard to see how“Archimedes could have failed to imply some- 
thing of the kind when arriving at his cubic equation. Instead of 
this, his words rather suggest that he had attacked it as res integra. 
Again, if the general cubic had been regarded over any length of 
time as a problem of independent interest which was solved by 
means of the intersections of conics, the fact could hardly have been 
unknown to Nicoteles who is mentioned in the preface to Book Iv. 
of the Conics of Apollonius as having had a controversy with Conon 
respecting the investigations in which the latter discussed the maxi- 
mum number of points of intersection between two conics. Now 
Nicoteles is stated by Apollonius to have maintained that no use 


* Tt is true that Archytas’ solution of the problem of the two mean propor- 
tionals used a curve of double curvature drawn on a cylinder; but this was not 
such a curve as was likely to be investigated for itself or even to be regarded as 
a locus, strictly speaking; hence the solid origin of this isolated curve would 
not be likely to suggest objections to the appropriation of the term * solid locus’ 
to conics. 
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could be made of the discoveries of Conon for dioprpoé ; but it seems 
incredible that Nicoteles could have made such a statement, even for 
controversial purposes, if cubic equations then formed a recognised 
class of problems for the discussion of which the intersections of 
conics were necessarily all-important. 

I think therefore that the positive evidence available will not 
justify us in accepting the conclusions of Zeuthen except to the 
following extent. 


1. Pappus’ explanation of the meaning of the term ‘plane 
problem’ (ériredov zpoBAnua) as used by the ancients can hardly 
be right. Pappus says, namely, that “problems which can be 
solved by means of the straight line and circle may properly be 
called plane (Aéyour’ av eixétws érimeda); for the lines by means of 
which such problems are solved have their origin in a plane.” The 
words “may properly be called” suggest that, so far as plane 
problems were concerned, Pappus was not giving the ancient 
definition of them, but his own inference as to why they were 
called ‘plane.’ The true significance of the term is no doubt, as 
Zeuthen says, not that straight lines and circles have their origin 
in a plane (which would be equally true of some other curves), but 
that the problems in question admitted of solution by the ordinary 
plane methods of transformation of areas, manipulation of simple 
equations between areas, and in particular the application of areas. 
In other words, plane problems were those which, if expressed 
algebraically, depend on equations of a degree not higher than the 
second. 


2. When further problems were attacked which proved to be 
beyond the scope of the plane methods referred to, it would be 
found that some of such problems, in particular the duplication 
of the cube and the trisection of an angle, were reducible to simple 
equations between volwmes instead of equations between areas ; and 
it is quite possible that, following the analogy of the distinction 
existing in nature between plane figures and solid figures (an analogy 
which was also followed in the distinction between numbers as ‘plane’ 
and ‘solid’ expressly drawn by Euclid), the Greeks applied the term 
‘solid problem’ to such a problem as they could reduce to an 
equation between volumes, as distinct from a ‘plane problem’ 
reducible to a simple equation between areas. 


3. The first ‘solid problem’ in this sense which they succeeded 
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in solving was the multiplication of the cube, corresponding to the 
solution of a pure cubic equation in algebra, and it was found that 
this could be effected by means of curves obtained by making plane 
sections of a solid figure, namely the cone. Thus curves having a 
solid origin were found to solve one particular solid’ problem, which 
could not but seem an appropriate result; and hence the conic, as 
being the simplest curve so connected with a solid problem, was 
considered to be properly termed a ‘solid locus,’ whether because of 
‘its application or (more probably) because of its origin. 


4. Further investigation showed that the general cubic equation 
could not be reduced, by means of stereometric methods, to the 
simpler form, the pure cubic; and it was found necessary to try 
the method of conics directly either (1) upon the derivative cubic 
equation or (2) upon the original problem which led to it. In 
practice, as e.g. in the case of the trisection of an angle, it was 
found that the cubic was often more difficult to solve in that 
manner than the original problem was. Hence the reduction of 
it to a cubic was dropped as an unnecessary complication, and 
the geometrical equivalent of a cubic equation stated as an in- 
dependent problem never obtained a permanent footing as the 
‘solid problem’ par excellence. 


5. It followed that solution by conics came to be regarded as 
the criterion for distinguishing a certain class of problem, and, as 
conics had retained their old name of ‘solid loci,’ the corresponding 
term ‘solid problem’ came to be used in the wider sense in which 
Pappus interprets it, according to which it includes a problem 
depending on a biquadratic as well as a problem reducible to a 


cubic equation. 


6. The terms ‘linear problem’ and ‘linear locus’ were then 
invented on the analogy of the other terms to describe respectively 
a problem which could not be solved by means of straight lines, 
circles, or conics, and a curve which could be used for solving such 


a problem, as explained by Pappus. 


CHAPTER VII. 
ANTICIPATIONS BY ARCHIMEDES OF THE INTEGRAL CALCULUS. 


Ir has been often remarked that, though the method of exhaustion 
exemplified in Euclid xu. 2 really brought the Greek geometers face 
to face with the infinitely great and the infinitely small, they 
never allowed themselves to use such conceptions. It is true that 
Antiphon, a sophist who is said to have often had disputes with 
Socrates, had stated* that, if one inscribed any regular polygon, 
say a square, in a circle, then inscribed an octagon by constructing 
isosceles triangles in the four segments, then inscribed isosceles 
triangles in the remaining eight segments, and so on, “until the 
whole area of the circle was by this means exhausted, a polygon 
would thus be inscribed whose sides, in consequence of their small- 
ness, would coincide with the circumference of the circle.” But as 
against this Simplicius remarks, and quotes Eudemus to the same 
effect, that the inscribed polygon will never coincide with the 
circumference of the circle, even though it be possible to carry 
the division of the area to infinity, and to suppose that it would 
is to set aside a geometrical principle which lays down that magni- 
tudes are divisible ad infinitum}. The time had, in fact, not come 
for the acceptance of Antiphon’s idea, and, perhaps as the result of 
the dialectic disputes to which the notion of the infinite gave rise, 
the Greek geometers shrank from the use of such expressions as 
infinitely great and infinitely small and substituted the idea of things 
greater or less than any assigned magnitude. Thus, as Hankel sayst, 
they never said that a circle 7s a polygon with an infinite number of 


* Bretschneider, p. 101. 
+ Bretschneider, p. 102. 


~ Hankel, Zur Geschichte der Mathematik im Alterthum und Mittelalter, 
p. 123. 
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infinitely small sides ; they always stood still before the abyss of the 
infinite and never ventured to overstep the bounds of clear con- 
ceptions. They never spoke of an infinitely close approximation or 
a limiting value of the sum of a series extending to an infinite 
number of terms. Yet they must have arrived practically at such 
a conception, e.g., in the case of the proposition that circles are to 
one another as the squares on their diameters, they must have been 
in the first instance led-to infer the truth of the proposition by the 
‘idea that the circle could be regarded as the limit of an inscribed 
regular polygon with an indefinitely increased number of corre- 
spondingly small sides. They did not, however, rest satisfied with 
such an inference ; they strove after an irrefragable proof, and this, 
from the nature of the case, could only be an indirect one. Ac- 
cordingly we always find, in proofs by the method of exhaustion, 
a demonstration that an impossibility is involved by any other 
assumption than that which the proposition maintains. Moreover 
this stringent verification, by means of a double reductio ad ab- 
surdum, is repeated in every individual instance of the use of the 
method of exhaustion ; there is no attempt to establish, in lieu of 
this part of the proof, any general propositions which could be 
simply quoted in any particular case. 

The above general characteristics of the Greek method of 
exhaustion are equally present in the extensions of the method 
found in Archimedes. ,To illustrate this, it will be convenient, 
before passing to the cases where he performs genuine integrations, 
to mention his geometrical proof of the property that the area of a 
parabolic segment is four-thirds of the triangle with the same base 
and vertex. Here Archimedes exhausts the parabola by continually 
drawing, in each segment left over, a triangle with the same base 
and vertex as the segment. If A be the area of the triangle so 
inscribed in the original segment, the process gives a series of areas 


A, 44, (})'4, ... 
and the area of the segment is really the sum of the infinite series 
A {14+34+(4)74+ (4) +..-}. 

But Archimedes does not express it in this way. He first proves 
that, if A,, A,,...4,, be any number of terms of such a series, so that 
A, =44,, 4,=44A4,,..., then 

A,+A,+A,+...+4,+44,= 341 
or A {1444 (2) +...+(9)"7 + 34)" = $4. 


‘ 
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Having obtained this result, we should nowadays suppose ” to 
increase indefinitely and should infer at once that (})*-? becomes 
indefinitely small, and that the limit of the sum on the left-hand side 
is the area of the parabolic segment, which must therefore be equal 
to 44. Archimedes does not avow that he inferred the result in 
this way; he merely states that the area of the segment is equal 
to 4A, and then verifies it in the orthodox manner by proving that 
it cannot be either greater or less than $A. 

I pass now to the extensions by Archimedes of the method 
of exhaustion which are the immediate subject of this chapter. It 
will be noticed, as an essential feature of all of them, that 
Archimedes takes both an inscribed figure and a circumscribed 
figure in relation to the curve or surface of which he is investigating 
the area or the solid content, and then, as it were, compresses the 
two figures into one so that they coincide with one another and 
with the curvilinear figure to be measured; but again it must 
be understood that he does not describe his method in this way or 
say at any time that the given curve or surface is the limiting form 
of the circumscribed or inscribed figure. I will take the cases 
in the order in which they come in the text of this book. 


1. Surface of a sphere or spherical segment. 


The first step is to prove (On the Sphere and Cylinder 1. 21, 22) 
that, if in a circle or a segment of a circle there be inscribed 
polygons, whose sides AB, BC, CD, ... are all equal, as shown 
in the respective figures, then 


(a) for the circle 
(BB'+CC'+...): AA’= A'B: BA, 
(6) for the segment 
(BB'+CC'+...+ KK'+ IM): AM=A'B: BA. 


Next it is proved that, if the polygons revolve about the 
diameter AA’, the surface described by the equal sides of the 
polygon in a complete revolution is [1. 24, 35] 


(a) equal to a circle with radius JAB (BB'+CC' +... 4 PYC) 


or (b) equal to a circle with radius /AB (BB’+O00'+...+ Li). 


Therefore, by means of the above proportions, the surfaces 
described by the equal sides are seen to be equal to 
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(a) acircle with radius SAA aE: 

and (6) a circle with radius ,/AM. AB; 

they are therefore respectively [1. 25, 37] less than 
(a) acircle with radius Ad’, 
(6) a circle with radius AL. 


Archimedes:now proceeds to take polygons circumscribed to the 
circle or segment of a circle (supposed in this case to be less than a 
semicircle) so that their sides are parallel to those of the inscribed 
polygons before mentioned (cf. the figures on pp. 38, 51); and he 
proves by like steps [1. 30, 40] that, if the polygons revolve about the 
diameter as before, the surfaces described by the equal sides during 
a complete revolution are greater than the same circles respectively. 

Lastly, having proved these results for the inscribed and 
circumscribed figures respectively, Archimedes concludes and proves 
{1. 33, 42, 43] that the surface of the sphere or the segment of the 
sphere is equal to the first or the second of the circles respectively. 

In order to see the effect of the successive steps, let us express 
the several results by means of trigonometry. If, in the figures on 
pp. 33, 47 respectively, we suppose 4n to be the number of sides in 
the polygon inscribed in the circle and 2” the number of the equal 
sides in the polygon inscribed in the segment, while in the latter 
case the angle AOL is denoted by a, the proportions given above 
are respectively equivalent to the formulae * 


) 
6 T é aT 2 T 
sin + sin +... + sin (27 —1) — =cot — 
Qn In ; (2 Mer, 4m’ 
eG) ea : a. : 
2 4sin—+sin —+...+sin(n—1)—; +sina 
V1) U1) ” a 
and —————————————rrr ct 
l—cosa 2n 


Thus the two proportions give in fact a summation of the series 
sin 6+ sin 20+ ...+sin (n—1)6 


both generally where @ is equal to any angle a less than z, and in 
the particular case where n is even and 6=7z/n. 

Again, the areas of the circles which are equal to the surfaces 
described by the revolution of the equal sides of the znscribed 


* These formulae are taken, with a slight modification, from Loria, Il periodo 
aureo della geometria greca, p. 108. 
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polygons are respectively (if w be the radius of the great circle 
of the sphere) 
a 


4n’ 


9 

° T e T Pn SAG re T 

4a? sin —-- jsin 5—+sin5— +... +sin (2n—-1) aI) or 47a’ cos 
4n Qn In 2n 


and 


9 
ete PO wee : a. , 
ra’. 2 sin —| 2 4sin—+sin — +... + sin(n—1l) — +sina |, 
2n n n n 


2 bee ie 
or ma’. 2 COs oa (1 — cos a). 


The areas of the circles which are equal to the surfaces described 
by the equal sides of the circumscribed polygons are obtained from 
the areas of the circles just given by dividing them by cos’ r/4n and 
cos’ a/2n respectively. 

Thus the results obtained by Archimedes are the same as would 
be obtained by taking the limiting value of the above trigonometri- 
cal expressions when 1 is indefinitely increased, and when therefore 
cos 7/4n and cos a/2n are both unity. 

But the first expressions for the areas of the circles are (when 2 
is indefinitely increased) exactly what we represent by the 
integrals 


dma’. } i * sin 6.6, or 470%, 
0 
and TA? Slt 2 sin 6d0, or 27a’ (1 —cos a). 
0 


Thus Archimedes’ procedure is the equivalent of a genuine 
integration in each case. 


2. Volume of a sphere or a sector of a sphere. 

The method does not need to be separately set out in detail here, 
because it depends directly on the preceding case. The investiga- 
tion proceeds concurrently with that of the surface of a sphere or a 
segment of a sphere. The same inscribed and circumscribed figures 
are used, the sector of a sphere being of course compared with the 
solid figure made up of the figure inscribed or circumscribed to the 
segment and of the cone which has the same base as that figure and 
has its vertex at the centre of the sphere. It is then proved, 
(1) for the figure inscribed or circumscribed to the sphere, that its 
volume is equal to that of a cone with base equal to the surface of 
the figure and height equal to the perpendicular from the centre of 
the sphere on any one of the equal sides of the revolving polygon, 
(2) for the figure inscribed or circumscribed to the sector, that the 
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volume is equal to that of a cone with base equal to the surface of 
the portion of the figure which is inscribed or circumscribed to the 
segment of the sphere included in the sector and whose height is the 
perpendicular from the centre on one of the equal sides of the 
polygon. 

Thus, when the inscribed and circumscribed figures are, so 
to speak, compressed into one, the taking of the limit is practically 
the same thing in this case as in the case of the surfaces, the 
resulting volumes being simply the before-mentioned surfaces 
multiplied in each case by a. 


3. Area of an ellipse. 

This case again is not strictly in point here, because it does 
not exhibit any of the peculiarities of Archimedes’ extensions of 
the method of exhaustion. That method is, in fact, applied in 
the same manner, mutatis mutandis, as in Eucl. xu. 2. There 
is no simultaneous use of inscribed and circumscribed figures, but 
only the simple exhaustion of the ellipse and auxiliary circle by 
increasing to any desired extent the number of sides in polygons 
inscribed to each (On Conoids and Spheroids, Prop. 4). 


4. Volume of a segment of a paraboloid of revolution. 


Archimedes first states, as a Lemma, a result proved incidentally 
in a proposition of another treatise (On Spirals, Prop. 11), viz. that, 


if there be m terms of an arithmetical progression h, 2h, 3h, ..., then 
sé 
h+2h+ 3h+...+nh> be @ 
and h+2h+3h+...+(m-l)h<4najy rr ; 


Next he inscribes and circumscribes to the segment of the 
paraboloid figures made up of small cylinders (as shown in the figure 
of On Conoids and Spheroids, Props. 21, 22) whose axes lie along 
the axis of the segment and divide it into any number of equal 
parts. If c is the length of the axis AD of the segment, and if 
there are n cylinders in the circumscribed figure and their axes are 
each of length h, so that c=nh, Archimedes proves that 


cylinder CE _ wh 
o inscribed fig, h+2h+3h+...+(n-1)h 
> 2, by the Lemma, 
cylinder CH nh 


and (2) 


circumscribed fig. h+2h+3h+...+nh 
<2. 
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Meantime it has been proved [Props. 19, 20] that, by increasing 
n sufficiently, the inscribed and circumscribed figure can be made 
to differ by less than any assignable volume. It is accordingly 
concluded and proved by the usual rigorous method that 


(cylinder CZ) = 2 (segment), 
so that (segment ABC) = 3 (cone ABC). 


The proof is therefore equivalent to the assertion, that if h is 
indefinitely diminished and m indefinitely increased, while nh remains 
equal to ¢, 

limit of A {h + 2h + 3h+...+(n—-l)h}=4e'; 


d 


that is, in our notation, 
c 
I xdx = 4c, 
0 


Thus the method is essentially the same as ours when we 
express the volume of the segment of the paraboloid in the form 


c 
kK y?da, 
0 


where « is a constant, which does not appear in Archimedes’ result 
for the reason that he does not give the actual content of the 
segment of the paraboloid but only the ratio which it bears to the 
circumscribed cylinder. 


5. Volume of a segment of a hyperboloid of revolution. 


The first step in this case is to prove [On Conoids and Spheroids, 
Prop. 2] that, if there be a series of m terms, 


ah+h’, a.2h+ (2h), a.3h + (3h), ... a.nh + (nh), 
and if (ah + h?) + {a. 2h + (2h) +... + fa. nh+ (nh) = Sh, 


then n{a.nh + (nh)/8, <(a+ mh) | 5 + =) 
eee (B). 
and nia. nh + (nh)? /S,1 > (a+ nh) | 5 ae =) 


Next [Props. 25, 26] Archimedes draws inscribed and circum- 
scribed figures made up of cylinders as before (figure on p. 137), and 
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proves that, if AD is divided into m equal parts of length h, so that 
nh = AD, and if AA’=a, then 


cylinder HB’ — n{a.nh+ (nh) 
inscribed figure — eho 


> (went) |(5 +), 


cylinder EB’ sn {a. nh + (nh)} 
circumscribed fig. — Si 


j 
<(a+nh) / G + =) . 
The conclusion, arrived at in the same manner as before, is that 


cylinder HB’ _ ae n) | a nh 
segment ABB’ = | Be 3 be ae 


and 


This is the same as saying that, if nh =6, and if h be indefinitely 
diminished while 7 is indefinitely increased, 


limit of n (ab + 6%)/S, = (a+ vy/ (5+ 5) 


oe b a b 
or limit of = Spa oO G 4 3) é 


Now S,=a(h+2h+...+mh)+ {h’?+ (2h)? +... + (nh), 
so that AS,=ah(h+2h+...+nh)+h th? +(2h)?+...+(nh)*. 


The limit of the last expression is what we should write as 


b 
| (ax + x) dx, 
0 


b 
which is equal to b° G i 5) ; 


and Archimedes has given the equivalent of this integration. 


6. Volume of a segment of a spherord. 


Archimedes does not here give the equivalent of the integration 


presumably because, with his method, it would have required yet 
another lemma corresponding to that in which the results (@) above 


are established. 
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Suppose that, in the case of a segment less than half the spheroid 
(figure on p. 142), AA’=a, CD =}c, AD=5; and let AD be divided 
into 7 equal parts of length h. 

The gnomons mentioned in Props. 29, 30 are then the differences 
between the rectangle cb +0? and the successive rectangles 

ch+h?, ¢.2h+(2h)*, ... ¢.(n—1)h+ {(n—1) hy, 
and in this case we have the conclusions that (if S, be the sum of 
nm terms of the series representing the latter rectangles) 
cylinder EB’ — n (ch + B°) 
inscribed figure 7 (cb + 0°) — S, 


>(0+0)/(§+3), 


__ cylinder ZB’ n (cb + 6°) 
circumscribed fig. (cb + 6°) — Sy_ 


<(0+2)/(5+5)> 


: Fae cylinder HB’ ec 2b 
and in the limit Zones ee hae (c+ 6) (5 + 5) ‘ 


and 


Accordingly we have the limit taken of the expression 
n (cb + b’) —S, Se 
eT Ot Paes a 
n (cb + 6°) n (cb + 6) 
and the integration performed is the same as that in the case of the 
hyperboloid above, with ¢ substituted for a. 

Archimedes discusses, as a separate case, the volume of half a 
spheroid [ Props. 27, 28]. It differs from that just given in that c 
vanishes and b= a, so that it is necessary to find the limit of 

h? + (2h)? + (8h)? +... + (nh)? | 
n (nh)? 57 


and this is done by means of a corollary to the lemma given on 
pp. 107—9 [On Spirals, Prop. 10] which proves that 


h? + (2h)? + ... + (nh)? > 4n (nhy’, 
and h? + (2h)? + ... + {(m—1) h}? < 4n (nh)?. 


The limit of course corresponds to the integral 


b 
i sot = 409. 
: | 
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7. Area of a spiral. 


(1) Archimedes finds the area bounded by the first complete 
turn of a spiral and the initial line by means of the proposition just 
quoted, viz. 

H? + (2h)? + ... + (nh)? > $n (nh}?, 
h? + (2h)? + ... + {(m—1) h}? < $n (nh)? 


_He proves [Props. 21, 22, 23] that a figure consisting of similar 
sectors of circles can be circumscribed about any arc of a spiral such 
that the area of the circumscribed figure exceeds that of the spiral 
by less than any assigned area, and also that a figure of the same 
kind can be inscribed such that the area of the spiral exceeds that 
of the inscribed figure by less than any assigned area. Then, lastly, 
he circumscribes and inscribes figures of this kind [Prop. 24]; thus 
e.g. in the circumscribed figure, if there are m similar sectors, the 
radii will be m lines forming an arithmetical progression, as h, 2h, 
3h, ... nh, and nh will be equal to a, where a is the length inter- 
cepted on the initial line by the spiral at the end of the first turn. 
Since, then, similar sectors are to one another as the square of their 
radii, and m times the sector of radius nh or a is equal to the circle 
with the same radius, the first of the above formulae proves that 


(circumscribed fig.) > 47a’. 


A similar procedure for“the inscribed figure leads, by the use of the 
second formula, to the result that 


(inscribed fig.) < 47a’. 
The conclusion, arrived at in the usual manner, is that 
(area of spiral) = 47a’ ; 


and the proof is equivalent to taking the limit of 
= [7 (2A) + se {(n 1) hy] 


rh 


or of i. (A? + (2h) +... + {(n— 1) Al], 


which last limit we should express as 


a 
Tv 2 
—| wde=t4re’ 
a Jo 


‘ 
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{It is clear that this method of proof equally gives the area 
bounded by the spiral and any radius vector of length 6 not being 
greater than a; for we have only to substitute 7b/a for 7, and to 
remember that in this case nh=6b. We thus obtain for the area 


eure 
= | ada, or 42b*/a. | 
@ Jo 


(2) To find the area bounded by an are on any turn of the 
spiral (not being greater than a complete turn) and the radii 
vectores to its extremities, of lengths 6 and ¢ say, where c>J, 
Archimedes uses the proposition that, if there be an arithmetic 
progression consisting of the terms 


b, b+h, b+ 2h, ... b+ (n-I)h, 
and if S,= 6? + (+h)? + (b+ 2h)? +... + {b+ (n—-1) hk}, 


th (n=1){b+(n-1)h} {b+ (n—1) hi? 
ms Sr — 6° * {54 (a1) h}b +4 {(m—1) Ay?’ 

and (m—1) {+ (m= 1)Ay? {b+ (m—1)h}? 
Sn-1 {b+ (n—1)h}b+4{(n—1) A}? 


[On Spirals, Prop. 11 and note.] 

Then in Prop. 26 he circumscribes and inscribes figures consisting 
of similar sectors of circles, as before. There are m—1 sectors in 
each figure and therefore n radii altogether, including both 6 and c, 
so that we can take them to be the terms of the arithmetic progres- 
sion given above, where {b+(n—1)h}=c. It is thus proved, by 
means of the above inequalities, that 


_ sector OB'C 2 {b+(n—-1)h? sector OBC | 
circumscribed fig. ~ {b+(n—1)A}6+44(n—-1) Al? ~ “inser. fig’ 


and it is concluded after the usual manner that 


sector OB'C | {b + (n—1) h}? 


spiral OBC — {o+(n—1)h}b+4{(m-1) h? 


Ce 


~ b+ (eb) 


Remembering that n—1=(c—b)/h, we see that the result is the 
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same thing as proving that, in the limit, when becomes indefinitely 
great and h indefinitely small, while b + (n—1)h=c, 


limit of 4 [8° +(b +h)? +... + {b+ (m— 2) h}?] 
=(c—b) {eb +4 (ce —b)* 
=$(?—B); 


that is, with our notation, 
. Cc 

| ede =4 (ce —B’), 
b 


(3) Archimedes works out separately [Prop. 25], by exactly 
the same method, the particular case where the area is that described 
in any one complete turn of the spiral beginning from the initial 
line. This is equivalent to substituting (n—1)a for 6 and na for c¢, 
where a is the radius vector to the end of the first complete turn of 
the spiral. 

It will be observed that Archimedes does not use the result 


corresponding ‘to 
( c b 
i ada — | adn = | ae dn. 
0 b 0 


8. Area of a parabolic segment. 


Of the two solutions which Archimedes gives of the problem of 
squaring a parabolic segment, it is the mechanical solution which 
gives the equivalent ofa genuine integration. In Props. 14, 15 of 
the Quadrature of the Parabola it is proved that, of-two figures 
inscribed and circumscribed to the segment and consisting in each 
case of trapezia whose parallel sides are diameters of the parabola, 
the inscribed figure is less, and the circumscribed figure greater, 
than one-third of a certain triangle (ZqQ in the figure on p. 242). 
Then in Prop. 16 we have the usual process which is equivalent to 
taking the limit when the trapezia become infinite in number and 
their breadth infinitely small, and it is proved that 

(area of segment) = 4A ZqQ. 

The result is the equivalent of using the equation of the parabola 
referred to Qg as axis of x and the diameter through Q as axis of 
Y, Viz. 

py=x(2a—2), 
which can, as shown on p. 236, be obtained from Prop. 4, and finding 


2a 
yda, 
0 
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where y has the value in terms of # given by the equation ; and of 


course 

2a 3 

a i (2ax — 2°) dx = ay 

P to 3p 
The equivalence of the method to an integration can also be 
seen thus. It is proved in Prop. 16 (see figure on p. 244) that, if 
gE be divided into 1 equal parts and the construction of the 
proposition be made, Qq is divided at O,, O,,... into the same 
number of equal parts. The area of the circumscribed figure is then 


easily seen to be the sum of the areas of the triangles 
Vol, ORE, OF, 

that is, of the areas of the triangles 
Og; COR, QOD ss 


Suppose now that the area of the triangle Qq/ is denoted by A, and 
it follows that 


ST! _9)2 
(circumscribed fig.) =A {1 + Ne i) . a a) ee 5 


ne, n> ee 


Similarly we obtain 


: , 1 
(inscribed fig.) = A? A fA? + 2?A? +... + (n— 1)? Ah. 


Taking the limit we have, if A denote the area of the triangle Z@Q, 
so that A =A, 

Ae 
dike 


A 
(area of segment) = ov i A*dA 
0 


Cole 


If the conclusion be regarded in this manner, the integration is 
the same as that which corresponds to Archimedes’ squaring of the 
spiral. 


_CHAPTER VIII. 
THE TERMINOLOGY OF ARCHIMEDES. 


So far as the language of Archimedes is that of Greek geometry 
in general, it must necessarily have much in common with that of 
Euclid and Apollonius, and it is therefore inevitable that the 
present chapter should repeat many of the explanations of terms of 
general application which I have already given in the corresponding 
chapter of my edition of Apollonius’ Conics*. But I think it will 
be best to make this chapter so far as possible complete and self- 
contained, even at the cost of some slight repetition, which will 
however be relieved (1) by the fact that all the particular phrases 
quoted by way of illustration will be taken from the text of 
Archimedes instead of Apollonius, and (2) by the addition of a large 
amount of entirely different matter corresponding to the great 
variety of subjects dealt with by Archimedes as compared with the 
limitation of the work of Apollonius to the one subject of conics. 

One element of difficulty in the present case arises out of the 
circumstance that, whereas Archimedes wrote in the Doric dialect, 
the original language has been in some books completely, and in others 
partially, transformed into the ordinary dialect of Greek. Uni- 
formity of dialect cannot therefore be preserved in the quotations 
about to be made; but I have thought it best, when explaining 
single words, to use the ordinary form, and, when illustrating their 
use by quoting phrases or sentences, to give the latter as they appear 
in Heiberg’s text, whether in Doric or Attic in the particular case. 
Lest the casual reader should imagine the paroxytone words ev@eiau, 
Siaperpor, meceitar, mecovvtTar, eoceirar, Svvavrat, arrérat, Kareicbat, 
xeioOat and the like to be misprints, I add that the quotations in 
Doric from Heiberg’s text have the unfamiliar Doric accents. 

I shall again follow the plan of grouping the various technical 


* Apollonius of Perga, pp. elvii—elxx. 


‘ 
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terms under certain general headings, which will enable the Greek 
term corresponding to each expression in the ordinary mathematical 
phraseology of the present day to be readily traced wherever such 
a Greek equivalent exists. 


Points and lines. 


A point is onpetov, the point B 71> B oypetov or 7d B simply; a 
point on (a line or curve) onmetov éxi (with gen.) or év; a pownt 
raised above (a plane) onpetov petéwpov; any two points whatever 
being taken Svo onpeiwv AapBavopévwv drowvorr. 

At a point (e.g. of an angle) zpos (with dat.), having its vertex at 
the centre of the sphere kopupyv éxwv mpos TO Kéevtpw THS opaipas ; of 
lines meeting in a point, touching or dividing at a point, etc., cara 
(with acc.), thus AE is bisected at Z is a AE dixa teuvérar Kata To Z; 
of a point falling on or being placed on another émi or xara (with 
acc.), thus Z will fall on T, 76 pev Z éwi 76 T weceirar, so that E lies 
on A, date 70 pev E xara 76 A Keioau. 

Particular points are extremity mépas, vertex xopupy, centre 
Kevtpov, point of division dialpeois, point of meeting ovurrwors, point 
of section roun, point of bisection dixotomia, the middle point 16 
péoov ; the points of division H, 1, K, ra taév diotpecivy capeta ta H, 
I, K; let B be its middle point péoov 8 avtads éotw 76 B; the point of 
section in which (a circle) cuts a toud, Kal” av réuver. 

A line is ypopun, a curved line xaprirAn ypaupy, a straight line 
evOeta with or without ypaypy. The straight line @IKA, d OIKA 
ev0eia ; but sometimes the older expression is used, the straight line 
on which (éri with gen. or dat. of the pronoun) are placed certain 
letters, thus let it be the straight line M, éotw ef 4G 76 M, other 
straight lines K, A, adAau ypappai, ep av ta K, A. The straight 
lines between the points ai peragds tdv onpetwv eibelar, of the lines 
which have the same extremities the straight line is the least trav ta 
avTa Tépara éxovoav ypaypaov élaxiorny eivar tiv edOeiav, straight lines 
cutting one another dela Teuvovoar adddAas. 

For points in relation to lines we have such expressions as the 
following: the points T, @, M are on a straight line éw cideias éori 
Ta I’, @, M capeia, the point of bisection of the straight line containing 
the centres of the middle magnitudes & diyoropia tas evbeias tas 
éxovoas Ta KévTpa TOV pécwv peyeDéwv. A very characteristic phrase 
for at a point which divides the straight line in such a proportion 
that... is éwt ras edOelas Siapebeicas wore...; similarly éri ras XE 
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Tphabeicas oltws, wate. A certain point will be on the straight line... 
dividing it so that... écoeirar ért ras cifeias...diatpéov ovtws Tav 
eipnuevay edOclav, worTe.... 

The middle point of a line is often elegantly denoted by an 
adjective in agreement; thus at the middle point of the segment én 
péoov Tov Tudparos, (a line) drawn from T to the middle point of 
EB, ao rod T émi pécav trav EB ayGeioa, drawn to the middle point of 
the base éri pécav tav Bdow ayopeva. 

A straight line produced is the (straight line) in the same straight 
line with it 4 éw edfeias airy. In the same straight line with the 
axis ert tas airas eddelas to afov.. Of a straight line falling on 
another line xara (with gen.) is used, e.g. wimrovot kar airs; émi 
(with acc.) is also used of a straight line placed on another, thus if 
EH be placed on BA, tefeioas tas EH émi tav BA. 


For lines passing through points we find the following ex- 
pressions: will pass through N, n€e dua tod N ; will pass through the 
centre dia Tod Kévtpov Topevoetat, will fall through @ wecetrar dia Tod 
@, verging towards B vevovoa éri 7d B, pass through the same point 
emt TO aiTd capelov éepxovtat; the diagonals of the parallelogram fall 
(i.e. meet) at @, kara dé 7d @ ai Siapwérpor tod wapaddAydroypdppov 
mimtovtt; EZ (passes) through the points bisecting AB, TA, émt 8 trav 
diyoromiav trav AB, TA a EZ. The verb ciué is also used of passing 
through, thus éoceiras 67) gore dua Tod O. 

For lines in relation to other lines we have perpendicular to 
KaOeros émt (with acc.), parallel to wapadAndos with dat. or rapa 
(with acc.) ; let KA be (drawn) from K parallel to TA, ard rod K 
mapa tav TA é€orw a KA. 

Lines meeting one another cuprimtovoa adAnras; the point in 
which ZH, MN produced meet one another and AT’, 7d onpetov, kab? 6 
ovpBadrrovorv ékBarrAdcpevar ai ZH, MN dddAnjdars re kat rH AT; so as 
to meet the tangent wore eumeceiv Ta éerupavovcg, let straight lines be 
drawn parallel to AT to meet the section of the cone axOwv cidetat 
mapa tav AI éore worl: tay Tod Kdvov Toudy, to draw a straight line to 
meet its circumference moti trav repipépeav aitod motiBadeiv edGetav, 
the line drawn to meet & roturecodoa, let AE, AA be drawn from the 
point A to meet the spiral and produced to meet the circumference of 
the circle wotimurrévtwv aro Tod A capeiov mort Tay Edixa at AE, AA 
Kal eKmuTTOVTwWY TOTL TaV TOD KUKAOV Tepipeperav ; Until it meets OA in 
O, gore Ka ouprécyn Ta OA kata 7d O (of a circle). 
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(The straight line) will fall outside (i.e. will eatend beyond) P, 
éexros ToD P mreceirac; will fall within the section of the figure évtds 
WETOVVTAL TAS TOD OXYPATOS TOMAS. 

The (perpendicular) distance between (two parallel lines) AZ, BH, 
76 Suaornpa tav AZ, BH. Other ways of expressing distances are the 
following: the magnitudes equidistant from the middle one ta icov 
déxovta, dd Tov pécov peyélea, are at equal distances from one 
another toa am ddAcdwv deotakey; the segments (lengths) on AH 
equal to N, 7a év 7a AH tpdpara icomeyébea 7a N; greater by one 
segment évi twapate peilwv. 

The word ci6cia itself is also often used in the sense of distance ; 
cf. the terms zpwrn «vOeta etc. in the book On Spirals, also a edGeta 
& petagdy Tod Kévtpov Tod dAiov Kal Tod Kévtpov Tas yas the distance 
between the centre of the sun and the centre of the earth. 

The word for join is émevyvdw or éri€evyvupe; the straight line 
joining the points of contact 4 tas adas émiLevyviovoa etGeta, BA when 
joined & BA émi€evyGeioa ; let EZ join the points of bisection of AA, 
BI, 4 8 EZ émilevyvvérw tas d.xotopias tav AA, BY. In one case 
the word seems to be used in the sense of drawing simply, « xa 


evfeta emilevyOy ypappa év emumédy. 


Angles. 


An angle is ywvia, the three kinds of angles are right 6p6y, acute 
d€ela, obtuse duBreia; right-angled etc. dpHoyuwvios, dévywvios, &uBAv- 
yuvis; equiangular icoydvios; with an even number of angles 
dptiywvos Or apr.oyuvios. 

At right angles to ép6ds mpds (with acc.) or pds 6p6das (with dat. 
following); thus ¢f a line be erected at right angles to the plane ypappas 
avertakovoas opOas ott TO émimedov, the planes are at right angles to 
one another 6p0a mot addAadra evte Ta erireda, being at right angles 
to ABI, mpos ép6as dv 7@ ABI; KT, BA are at right angles to one 
another ror épOds évt. aAdAdAas ai KT, BA, to cut at right angles 
Téuvew mpos dpOds. The expression making right angles with is also 
used, €.g. dp0as rrowotca ywvias mort Tov AB. 

The complete expression for the angle contained by the lines AH, 
AT is @ ywvia ad meprexopéva td rav AH, AT’; but there are a great 
variety of shorter expressions, ywvia itself being often understood ; 
thus the angles A, E, A, B, at A, BE, A, B ywviar; the angle at @, & wort 
TO ®@; the angle contained by AA, AZ, & ywvia & two trav AA, AZ; the 
angle AHT, » t76 rév AHT yovia, 4 trd6 AHT (with or without yovia). 
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Making the angle K equal to the angle @, ywviay towvoa tav K 
ivav 72 @; the angle into which the sun fits and which has its vertec 
at the eye ywvia, eis av 5 adios evapydfer tav Kopypdv exovcav Tori Ta 
dyer; of the sides subtending the right angle (hypotenuses) trav txd 
Tov dpOav ywviav vmotewovacay, they subtend the same angle évri ind 
Tay avtav ywviav. 

If a line through an angular point of a polygon divides it 
exactly symmetrically, the opposite angles of the polygon, ai dmevavtiov 
ywvias rod ToAvywvou, are those answering to each other on each side 
of the bisecting line. 


Planes and plane figures. 


A plane érimedov; the plane through BA, 76 émimeSov 16 Kata 
Tv BA, or 70 dua ts BA, plane of the base érimedov ris Bdoews, plane 
(i.e. base) of the cylinder érimedov tod KvAivspov; cutting plane ént- 
medov téuvov, tangent plane émitedov érupadov; the intersection of 
planes is their common section kown Topy. 

In the same plane as the circle év 7@ abt@ érimédw TG KiKAw. 

Let a plane be erected on I1Z at right angles to the plane in which 
AB, TA are ar6 ras IIZ ériredov avertaxérw dpOov moti 76 émimedov 70, 
év @ évre ai AB, TA. 

The plane surface n érimedos (érupavera), a plane segment érimedov 
Tunpa, a@ plane figure oxnpo éerimedov. 

A rectilineal figure &Obypappov (oxjua), a side wrevpd, perimeter 
n mEpiwetpos, similar ouo.os, similarly situated dpoiws Keipevos. 

To coincide with (when one figure is applied to another), 
ehappolewv followed by the dative or éré (with acc.); one part 
coincides with the other épappoler TO Erepov pépos ert 7d Erepov; the 
plane through NZ coincides with the plane through AT, 76 érimedov 76 
kata tav NZ édappoler 7 éerirédw TO Kata tav AI. The passive is 
also used; if equal and similar plane figures coincide with one another 


a / ae: 
Tov icwv Kal duotwv oynpatwov érimédwv épappwolouévwv ér’ addada. 


Triangles. 


A triangle is tptywvov, the triangles bounded by (their three 
sides) ra eptexdpeva tptywva Ud tav.... A right-angled triangle 
tptywvov épboyarov, one of the sides about the right angle pia tdv rept 
tiv opOnv. The triangle through the axis (of a cone) 70 da Tod agovos 


uJ 
Tplywvov. 


x 
* 
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Quadrilaterals. 

A quadrilateral is a four-sided figure (retpdémevpov) as dis- 
tinguished from a fowr-angled figure, terpaywvov, which means a 
square. A trapezium, tparefov, is in one place more precisely 
described as a trapezium having its two sides parallel tpameliov tas 
Svo mevpas exov mapadAddous addd)as. 

A parallelogram wapaddnddypappov ; for a parallelogram on a 
straight line as base ém/ (with gen.) is used, thus the parallelograms 
on them are of equal height éoriv icovpy ta tapaddydAdypappa Tao er 
aitav. A diagonal of a parallelogram is d.amerpos, the opposite sides 
of the parallelogram ai kar évavtiov Tu tapadAnAoypappov a)evupat. 


Rectangles. 


The word generally used for a rectangle is ywplov (space or area) 
without any further description. As in the case of angles, the 
rectangles contained by straight lines are generally expressed more 
shortly than by the phrase 7a qeptexdueva xwpia v7d ; either ywplov 
may be omitted or both xwplov and eprexdmevor, thus the rectangle 
AT, TE may be any of the following, 76 ur6 tév AT, TE, 76 v7 
AT, TE, 76 urd ATE, and the rectangle under @K, AH is 16 vr ris 
@K xal r7s AH. Rectangles @, I, K, A, xwpia év ots ra (or ef’ ov 
exaotov Tov) ©, I, K, A. 

To apply a rectangle to a straight line (in the technical sense) is 
tapaBadXrev, and raparizrw is generally used in place of the passive; 
the participle tapaxe(uevos is also used in the sense of applied to. In 
each case applying to a straight line is expressed by rapa (with acc.). 
Examples are, areas which we can apply to w given straight line (i.e. 
which we can transform into a rectangle of the same area) xwpia, & 
SuvayeOa rapa tav do06cioay ciOeiav rapaBadeiv, let a rectangle be 
applied to each of them raparertwxérw map éxdorav aitav xwpiov ; 
of there be applied to each of them a rectangle exceeding by a square 
Jigure, and the sides of the excesses exceed each other by an equal 
amount (i.e. form an arithmetical progression) « xa map éxdorav 
aitay mapamtéon te xwplov brepBadrdov cider teTpayuve, ewvte SF ab 
mhevpal trav brepBAnpdrov TG iow dAAdAaV trepexovoa. 


The rectangle applied is tapaBdAnpa. 


Squares. 


A square is retpaywvov, a square on a straight line is a square 
(erected) from it (dao). The square on TH, 16 daé tas VE rerpdéywvoy, 
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is shortened into 76 dad ras TE, or ro dd TH simply. The square 
next in order to vt (when there are a number of squares in a row) is 
76 map ait@ TeTpaywvov or 7d éxdmevov TeTpA-ywvov. 

With reference to squares, a most important part is played by 
the word dvvayis and the various parts of the verb dvvayor. dvvapus 
expresses a square (literally a power) ; thus in Diophantus it is used 
throughout as the technical term for the square of the unknown 
quantity in an algebraical equation, ie. for x. In geometrical 
language it is the dative singular dvvéue which is mostly used ; 
thus a straight line is said to be potentially equal, duvape: ica, to a 
certain rectangle where the meaning is that the square on the straight 
line is equal to the rectangle ; similarly for the square on BA is less 
than double the square on AK we have 7 BA éddoowv éoriv 7) durdaciwv 
duvvawes rHS AK. The verb dvvacGa: (with or without icov) has the 
sense of being duvaper toa, and, when dvvacda is used alone, it is 
followed by the accusative; thus the square (on a straight line) is 
equal to the'rectangle contained by... is (edOeia) ioov divarar to 
mepexouevy wtro...; let the square on the radius be equal to the 
rectangle BA, AZ, y ék tod Kévtpov dvvacOw 7d vrd Tov BAZ, (the 
difference) by whach the square on ZY is greater than the square on 
half the other diameter & peilov duvdrar ad ZT ras yuureias tas érépas 
diaper pov. 

A gnomon is yvwpur, and its, breadth (xharos) is the breadth of 
each end; a gnomon of Breadth equal to BI, yvwmwv rAdrtos éxwv toov 
7a BI, (a gnomon) whose breadth is greater by one segment than the 
breadth of the gnomon last taken away ov mdaros évi tpapate peilov 


A cal lal /, rd 
TOU TAATEOS TOU TPO aVTOD adhatpovpevov yvwLovos. 


Polygons. 

A polygon is rodvywvov, an equilateral polygon is icdmAevpor, 
a polygon of an even number of sides or angles dptid7hevpov or 
aptiywvor ; a polygon with all its sides equal except BA, AA, ioas 
éxov Tas mAevpas Xwpis Tov BAA; a polygon with its sides, excluding 
the base, equal and even in number ras wAevpas Exov Xwpis THs Bacews 
tcas Kal dptiovs ; an equilateral polygon the number of whose sides is 
measured by four roddywvov icdmdevpov, od at wAevpai bro Terpddos 
perpodvtar, let the number of its sides be measured by four to rdiO0s 
Tov mAevpav petpeloOw td Terpados. A chiliagon xdu&ywvov. 

The straight lines subtending two sides of the polygon (i.e. joining 
angles next but one to each other) ai é7d dv0 mAevpas tod ToAvyuvou 


H. A. 


x 
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brore(vovoa, the straight line subtending one less than half the 
number of the sides 7 vroreivovca Tas pid éLdooovas TOV HuLoEwr. 


Circles. 


A circle is KixXos, the circle © is 6 W kixdos or 6 KiKAos év @ TO W, 
let the given circle be that drawn below éatw 6 Sobeis Kdxdros 6 
broKEipLevos. 

The centre is xévtpov, the circumference repipepera, the former 
word having doubtless been suggested by something stuck in and 
the latter by something, e.g. a cord stretched tight, carried round 
the centre as a fixed point and describing a circle with its other 
extremity. Accordingly zepidépeco is used for a circular arc as well 
as for the whole circumference ; thus the arc BA is 7 BA zepipépeca, 
the (part of the) circumference of the circle cut off by the same 
(straight line) 4 tod KikXov Tepipépera 7 bro THS avTAS aroTenvopery. 
Though the circumference of a circle is also sometimes called its 
perimeter (n mepiperpos) in the treatises On the Sphere and Cylinder 
and on the Measurement of a Circle, the word does not seem to have 
been used by Archimedes himself in this sense ; he speaks, however, 
in the Sand-reckoner of the perimeter of the earth (wepiperpos tas yas). 

The radius is 7 ék tod xévtpov simply, and this expression 
without the article is used as a predicate as if it were one word ; 
thus the circle whose radius is @E is 6 KvxAos ot éx Tod KévTpOV a 
@E; BE is a radius of the circle y 8 BE ék 00 Kévtpov éaTi Tod KbKAOV. 

A diameter is didpertpos, the circle on AE as diameter 6 rept 
Sudperpov tiv AE kvkXos. 

For drawing a chord of a circle there is no special technical 
term, but we find such phrases as the following: édv eis tov KUKAov 
cvcia ypapyy euméon if in a circle a straight line be placed, and the 
chord is then the straight line so placed 4 éurecotoa, or quite 
commonly 7 év TO KvkAw (cdGeia) simply. For the chord subtending 
one 656th part of the circumference of a circle we have the following 
interesting phrase, 4 vroteivovoa év tTyapa diaipebeioas Tas Tod ABT 
KukAov Trepipepeias es yvS”’. 

A segment of a corcle is tujya KixAov ; sometimes, to distinguish 
it from a segment of a sphere, it is called a plane segment 
Tynpa emimedov. A semicircle is yuxikAvov; a segment less than a 
semicircle cut off by AB, tyjpa elaccov yyuKvediov 8 droréuver 
7 AB. The segments on AE, EB (as bases) are ra émt rav 
AE, EB tpyyjpara; but the semicircle on ZH as diameter is ro 
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npuxvkdiov 7 wept Siametrpov rav ZH or 7d yyixdqAov 70 mept tav ZH 
simply. The expression the angle of the semicircle, & Tod yjutxvxdlov 
(ywvia), is used of the (right) angle contained by the diameter and 
the arc (or tangent) at one extremity of it. 

A sector of a circle is toweds or, when it is necessary to 
distinguish it from what Archimedes calls a ‘solid sector,’ érimeSos 
Tomevds KvKAov a plane sector of a circle. The sector including the 
right angle (at the centre) is 6 tomes 6 ray dpOav ywviay repréxwv. 
‘Either of the radii bounding a sector is called a side of it, rAeupd ; 
each of the sectors (is) equal to the sector which has a side common 
(with wt) exaotos Tv Toméwy toos TH Koway ExovTe TAEvpdv Tome; a 
sector is sometimes regarded as described on one of the bounding 
radii as a side, thus sdmelar sectors have been described on all (the 
straight lines) avayeypaparat aro Tardy opotor Touées. 

Of polygons inscribed in or circumscribed about a circle éyypapew 
eis or év and zeprypadew epi (with acc.) are used; we also find 
mepryeypaupévos used with the simple dative, thus 76 TEpLy€- 
ypappevov oxnwa TH Tomel is the figure circumscribed to the sector. 
A polygon is said to be imseribed in a segment of a circle when 
the base of the segment is one side and the other sides subtend 
arcs making up the circumference; thus let a polygon be inscribed 
on AI in the segment ABI, ért trys AT roddvywvov eyyeypapOw 
eis 70 ABT tynua. A regular polygon is said to be inscribed in 
a sector when the two radii are two of the sides and the other sides 
are all equal to one another, and a similar polygon is said to be 
circumscribed about a sector when the equal sides are formed by the 
tangents to the arc which are respectively parallel to the equal 
sides of the inscribed polygon and the remaining two sides are the 
bounding radii produced to meet the adjacent tangents. Of a 
circle circwmscribed to a polygon repiropBavew is also used; thus 
moAvywvov KvKhos Tepryeypaupéevos TepirapBaverw Tepl TO adTO KéevTpOV 
ywopevos, as we might say let a circumscribed circle be drawn with 
the same centre going round the polygon. Similarly the corcle ABTA 
containing the polygon 6 ABL'A kikdos éxwv 76 ToAVywvor. 

When a polygon is inscribed in a circle, the segments left over 
between the sides of the polygon and the subtended arcs are 
mepireuropeva Tupara; when a polygon is circumscribed to the 
circle, the spaces between the two are variously called 7a mepu- 
Nertopeva. THS Teprypadys THypaTa, TH mepierTomeva oxXnpaTa, Ta 


/ No \ , Bi 
TEpLAclpara Or TA ATOAELMUATA,. 
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Spheres, etc. 


In connexion with a sphere (cdaipa) a number of terms are 
used on the analogy of the older and similar terms connected with 
the circle. Thus the centre is xévrpov, the radius y ék Tod Kevtpou, 
the diameter 7 S.dperpos. Two segments, tuypata odaipas or 
Tpypata opaipixa, are formed when a sphere is cut by a plane; 
a hemisphere is npirpaiprov ; the segment of the sphere at T’, 76 xara. 70 
T tpnpa tas opaipas; the segment on the side of ABT, 7d avd ABT 
tpypa; the segment including the circumference BAA, 76 kata tv BAA 
mepipeperay tunua, The curved surface of a sphere or segment 
is érupavera ; thus of spherical segments bounded by equal surfaces the 
hemisphere is greatest is tév tH ton eripavela. treptexopevwv opaipikav 
tTpnpatov peilov eat. TO yutogpaipiov. The terms base (Bacrs), vertex 
(kopupn) and height (tos) are also used with reference to a segment 
of a sphere. 

Another term borrowed from the geometry of the circle is the 
word sector (roueds) qualified with the adjective orepeds (solid). 
A solid sector (romeds.orepeds) is defined by Archimedes as the 
figure bounded by a cone which has its vertex at the centre of 
a sphere and the part of the surface of the sphere within the cone. 
The segment of the sphere included in the sector is 7d tTynhya tis 
odaipas TO ev TH Tomet OF TO KaTa TOY TOMéa. 

A great circle of a sphere is 6 péytatos Kikdos TaV év TH odaipa 
and often 6 péyiotos KvKAos alone. 

Let a sphere be cut bya plane not through the centre tetuyjcbw 
odaipa px dia Tod Kévtpov érimédw; a sphere cut by a plane through 
the centre im the circle EZH®, odaipa émurédw rerunuevn dia Tod 
Kévtpov kata tov EZH® xvkXov. 


Prisms and pyramids, 

A prism is rpicpa, a pyramid wupapis. As usual, avaypadew amd 
is used of describing a prism or pyramid on a rectilineal figure 
as base; thus let a prism be described on the rectilineal figure 
(as base) avayeypapOw and tod eiOvypaypov mpiopa, on the polygon 
circumscribed about the circle A let a pyramid be set up dard rod epi 
tov A Kixdov Tepryeypappevou ToAvyOvov Tupapls dvertatw dvoyeypap- 
pévn. A pyramid with an equilateral base ABT is rvpapis iodmAevpoy 
gxovoa Bacw ro ABT. 

The surface is, as usual, érupdveca and, when any particular face 
or a base is excluded, some qualifying phrase has to be used. 
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Thus the surface of the prism consisting of the parallelograms 
(i.e. excluding the bases) 9 émiupavera tod mpiopatos 1 éx Tov 
mapaddyAoypappwv cvykemévyn ; the surface (of a pyramid) excluding 
the base or the triangle AET, 4 émipavera ywpis ris Baoews or Tod 
AET zpryvov. 

The triangles bounding the pyramid to. ee Tplywva, THY 
mupapida (as distinct from the base, which may be polygonal). 


Cones and solid rhombi 


The Elements of Euclid only introduce right cones, which are 
simply called cones without the qualifying adjective. A cone is 
there defined as the surface described by the revolution of a right- 
angled triangle about one of the sides containing the right angle. 
Archimedes does not define a cone, but generally describes a right 
cone as an sosceles cone (Kkovos icoocxedys), though once he calls it 
right (ép60s). J. H. T. Miller rightly observes that the term 
isosceles applied to a cone was suggested by the analogy of the 
isosceles triangle, but I doubt whether such a cone was thought of 
(as he supposes) as one which could be described by making an 
isosceles triangle revolve about the perpendicular from the vertex 
on the base; it seems more natural to connect it with the use of 
the word side (rAevpa) by which Archimedes designates a generator 
of the cone, a right cone being thus directly regarded as a cone having 
all its legs equal. The latter supposition would also accord better 
with the term scalene cone (xkdévos oxadyvds) by which Apollonius 
denotes an oblique circular cone; such a cone could not of course 
be described by the revolution of a scalene triangle. An oblique 
circular cone is simply a cone for Archimedes, and he does not 
define it; but, while he speaks of finding a cone with a given 
vertex and passing through every point on a given ‘section of an 
acute-angled cone’ [ellipse], he regards the finding of the cone as 
being equivalent to finding the circular sections, and we may 
therefore conclude that he would have defined the cone in 
practically the same way as Apollonius does, namely as the surface 
described by a straight line always passing through a fixed point 
and moving round the circumference of any circle not in the same 
plane with the point. 

The vertex of a cone is, as usual, xopudy, the base Bdous, the axis 
aéwy and the height twos; the cones are of the same height «iow oi 
Kavot 07d TO abtd twos. A generator is called a side (whevpa); if a 
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cone be cut by a plane meeting all the generators of the cone «i ka 
kavos ériméSw Tua0H ovpmintovte Tagais Tals TOD KwvoU mevpais. 

The surface of the cone excluding the base 4 émpavera Tod Kovov 
xopis tis Bacews ; the conical surface between (two generators) AA, AB, 
Kwik emipavera n peTagy tov AAB. 

There is no special name for what we call a frustwm of a cone 
or the portion intercepted between two planes parallel to the base ; 
the surface of such a frustum is simply the surface of the cone 
between the parallel planes y4 émipdvera tod Kwvov petadr Tov 
mapadAnrwy emumedwv. 

A curious term is segment of a cone (amétpapa Kuwvov), which is 
used of the portion of any circular cone, right or oblique, cut off 
towards the vertex by any plane which makes an elliptic and not a 
circular section. With reference to a segment of a cone the axis 
(aéwv) is defined as the straight line drawn from the vertex of the 
cone to the centre of the elliptic base. 

As usual, dvaypddew aro is used of describing a cone on a circle 
as base. Similarly, a very common phrase is ad tov KikAov Kavos 
éotw let there be a cone on the circle (as base). 

A solid rhombus (pouBos orepeds) is the figure made up of two 
cones having their base common, their vertices on opposite sides of 
it, and their axes in one straight line. A rhombus made up of 
isosceles cones pouBos e& ivocxeAdv Kdvwv ovyKeievos, and the two 
cones are spoken of as the cones bounding the rhombus ot Kaévou ot 
mTepléxovTes TOV pou.Bov. 


Cylinders. 


A right cylinder is xtbdwédpos 6p$ds, and the following terms 
apply to the cylinder as to the cone: base Baous, one base or the 
other n érépa Baors, of which the circle AB is a base and TA opposite 
to it ov Baors pev 6 AB kvxAos, arevavtiov 8¢ 6 TA; axis abwv, height 
vos, generator mrevpa. The cylindrical surface cut off by (two 
generators) AI, BA, 7 arorenvonéevn KvAwopixy éripavera vrd tov AT, 
BA ; the surface of the cylinder adjacent to the circumference ABI, 7 
émipavera Tod Kvdivdpov n Kata tHv ABI zepidépecav denotes the 
surface of the cylinder between the two generators drawn through 
the extremities of the arc. 

A frustum of a cylinder topos xvdivdpov is a portion of a 
cylinder intercepted between two parallel sections which are elliptic 
and not circular, and the axis (agwv) of it is the straight line 
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joining the centres of the two sections, which is in the same straight 
line with the axis of the cylinder. 


Conic Sections, 


General terms are kwvixki ororxeia, elements of conics, Ta KwviKd 
(the theory of) conics. Any conic section xdvov tout Sdrowaody. 
Chords are simply eieias év té Tod Kdvov Toua aypévar. Archimedes 
never uses the word axis (déwv) ) with reference to a conic ; the axes 
are with him diameters (dudperpor), and dudperpos, Aotie it has 
reference to a complete conic, is used in this sense exclusively. A 
tangent is érupavovoa or épartopuéevn (with gen.). 

The separate conic sections are still denoted by the old names; 
a parabola is a section of a right-angled cone épOoywviov Kwvov Tou, 
a hyperbola a section of an obtuse-angled cone duBAvywviov Kwvov 
town, and an ellipse a section of an acute-angled cone dévywviov Kuvov 


TOU. 


The parabola. 

Only the axis of a complete parabola is called a diameter, and 
the other diameters are simply dines parallel to the diameter. Thus 
parallel to the diameter or itself the diameter is rapa trav Siaperpov 7 
atta Siapetpos; AZ is parallel to the diameter 4 AZ mapa trav 
dudpetpov eorr. Once the term principal or original (diameter) is 
used, apxixa (sc. duduerpgs). 

A segment of a parabola is tujya, which is more fully described 
as the segment bounded by a straight line and a section of a right- 
angled cone Tapa TO TrEPLEXO[LEVOV tro TE ev0eias Kat épOoywviov KWVOU 
touas. The word daperpos is again used with reference to a 
segment of a parabola in the sense of our word aavs; Archimedes 
defines the diameter of any segment as the line bisecting all the 
straight lines (chords) drawn parallel to its base trav dixa tépvovoav 
Tas edbeias mdcas Tas Tapa Tav Bacw avtrod dyopévas. 

The part of a parabola included between two parallel chords is 
called a frustwm topos (ard dpOoywviov Kuvov Topas apaipovpevos), 
the two chords are its lesser and greater base (€Aaoowy and peilwv 
Baous) respectively, and the line joining the middle points of the 
two chords is the diameter (Suaperpos) of the frustum. 

What we call the latus rectum of a parabola is in Archimedes 
the line which is double of the line drawn as far as the axis & durdacta 


: ‘ eo ; ef 
ras péxpt tod aéovos. In this expression the amis (agwv) is the axis 
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of the right-angled cone from which the curve was originally derived 
by means of a section perpendicular to a generator*. Or, again, the 
equivalent of our word parameter (rap’ dv Suvavrat ai drd ras Topas) 
is used by Archimedes as by Apollonius, meaning the straight line 
to which the rectangle which has its breadth equal to the abscissa 
of a point and is equal to the square of the ordinate must be 
applied as base. The full phrase states that the ordinates have 
their squares equal to the rectangles applied to the line equal to N (or 
the parameter) which have as their breadth the lines which they (the 
ordinates) cut off from AZ (the diameter) towards the extremity A, 
Suvavrar ra Tapa Tay icavy Ta N rapamirrovra wAaros éxovta, as adrat 
amoAapBavovte amd tas AZ roti 76 A wépas. 

Ordinates are the lines drawn from the section to the diameter 
(of the segment) parallel to the base (of the segment) ai dro tas Topas 
éxt trav AZ dyopévar tapa tov AE, or simply ai amd ras towds. Once 
also the regular phrase drawn ordinate-wise tetaypévws katynypevy is 
used to describe an ordinate, as in Apollonius. 


The hyperbola. 


What we call the asymptotes (ai dovurrwro in Apollonius) are 
in Archimedes the lines (approuching) nearest to the section of the 
obtuse-angled cone ai éyyvota Tas Tov GuBAvywviov Kwvov TOMAS. 

The centre is not described as such, but it is the point at which 
the lines nearest (to the cwrve) meet 7d capetov, Kaf 6 ai eyyra 
OULTLTTOVTL, 

This is a property of the sections of obtuse-angled cones rotro yap 
€or év tats Tov duBAvywviov Kwvov Topats cVpTTHUA. 


The ellopse. 


The major and minor axes are the greater and lesser diameters 
peilov and éAdcowv didpetpos. Let the greater diameter be AT, 
Sidpetpos b€ (ards) & pev petlwv Eorw ep as 7a A,T. The rectangle 
contained by the diameters (axes) TO mepiexdpevov brd trav Siapérpov. 
One axis is called conjugate (rvévyys) to the other: thus let the 
straight line N be equal to half of the other diameter which is 
conjugate to AB, a d¢ N evGeta ica eorw Ta nuioeta tas Erépas Siaperpov, 
a éote cvluyns Ta AB. 

The centre is here xévtpov. 


* Cf. Apollonius of Perga, pp. xxiv, xxv. 
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Conoids and Spheroids. 


There is a remarkable similarity between the language in which 
Archimedes describes the genesis of his solids of revolution and that 
used by Euclid in defining the sphere. Thus Euclid says: when, the 
diameter of a semicircle remaining fixed, the semicircle revolves and 
returns to the same position from which it began to move, the included 
Jigure is a sphere opaipa éorw, dtav ypixvkAiov pevovans THs Siauérpov 
meprevexOev TO TyuKUKALov eis TO adTd TaAW droKaracTaby, dOev ApEaro 
pépecOar, 76 Trepicnpbev oxfua; and he proceeds to state that the 
axis of the sphere is the fixed straight line about which the semicircle 
turns afwv 8& rhs odaipas early 7 pevovea evOela, rept fv TO HuLKdKALOV 
otpéperaz. Compare with this e.g. Archimedes’ definition of the 
right-angled conoid (paraboloid of revolution): if a section of a 
right-angled cone, with its diameter (axis) remaining fixed, revolves 
and returns to the position from which wt started, the figure included 
by the section of the right-angled cone is called a right-angled conoid, 
and its axis is defined as the diameter which has remained fixed, 
ei xa dépoywviov Kuvov Topa pevotoas tas Siapérpov Tep.evexOeioa 
aroxatactaby madw, oOev dpuacev, 7d repiadbev oxnpa tnd Tas TOD 
6pOoywviov Kavov Touds épOoydviov Kwvoedés Karefobar, Kal dgova 
pev adtod Tay pewevaxovoay Sidpetpov Kadrcicba, and it will be seen 
that the several phrases used are practically identical with those of 
Euclid, except that wpyacev takes the place of ypgéaro péeperOar; and 
even the latter phrase occurs in Archimedes’ description of the 
genesis of the spiral later on. 

The words conoid xwvoedées (cxnua) and spheroid rdatpoerdés 
(cxjpa) are simply adapted from xovos and odatpa, meaning that 
the respective figures have the appearance (eldos) of, or resemble, 
cones and spheres; and in this respect the names are perhaps more 
satisfactory than paraboloid, hyperboloid and ellipsoid, which can 
only be said to resemble the respective conics in a different sense. 
But when xwvoedés is qualified by the adjective right-angled 
épGoywviov to denote the paraboloid of revolution, and by ayBrv- 
ysviov obtuse-angled to denote the hyperboloid of revolution, the 
expressions are less logical, as the solids do not resemble right- 
angled and obtuse-angled cones respectively; in fact, since the 
angle between the asymptotes of the generating hyperbola may be 
acute, a hyperboloid of revolution would in that case more resemble 
an acute-angled cone. The terms right-angled and obtuse-angled 
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were merely transferred to the conoids from the names for the 
respective conics without any more thought of their meaning. 

It is unnecessary to give separately the definition of each 
conoid and spheroid; the phraseology is in all cases the same 
as that given above for the paraboloid. But it may be remarked 
that Archimedes does not mention the conjugate aais of a hyperbola 
or the figure obtained by causing a hyperbola to revolve about that 
axis; the conjugate axis of a hyperbola first appears in Apollonius, 
who was apparently the first to conceive of the two branches of a 
hyperbola as one curve. Thus there is only one obtuse-angled 
conoid in Archimedes, whereas there are two kinds of spheroids 
according as the revolution takes place about the greater diameter 
(axis) or lesser diameter of the generating section of an acute- 
angled cone (ellipse); the spheroid is in the former case oblong 
(wapapaxes odopoeidés) and in the latter case flat (émumAard 
opatpoetdés). 

A special feature is, however, to be observed in the description 
of the obtuse-angled conoid (hyperboloid of revolution), namely that 
the asymptotes of the hyperbola are supposed to revolve about the 
axis at the same time as the curve, and Archimedes explains that 
they will include an isosceles cone (kdvov icockedéa reptdaovvTat), 
which he thereupon defines as the cone enveloping the conoid 
(reptéxwv TO kwvoedés). Also in a spheroid the term diameter 
(Siémetpos) is appropriated to the straight line drawn through 
the centre at right angles to the axis (4 dua tod Kévtpov ror é6pOas 
dyopéva TH agov.). The centre of a spheroid is the middle point of 
the axis 7d pécov tod a€ovos. 

The following terms are used of all the conoids and spheroids. 
The vertex (kopuypy) is the point at which the axis meets the surface 76 
gapetov, kal? 6 arréra. 6 agwy Tas émipaveias, the spheroid having of 
course two vertices. A segment (tyudpua) is a part cut off by a plane, 
and the base (Bdous) of the segment is defined as the plane (figure) 
included by the section of the conoid (or spheroid) in the cutting 
plane 76 érimredov 76 repradbev i765 Tas Tod Kwvoed€os (or apatpoetd¢os) 
Topas €v TH arroTéuvovte érimédw. The vertex of a segment is the point 
at which the tangent plane parallel to the base of the segment meets 
the surface, 76 capetov, Kal’ 6 amrérat tO émimedov 70 érupadov (rod 
kwvoedeos). The axis (agwv) of a segment is differently defined for 
the three surfaces ; (a) in the paraboloid it is the straight line cut off 
within the segment from the line drawn through the vertex of the 
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segment parallel to the amis of the conoid & évarodadbeioa eibcia év 7G 
Thapar. Grd Tas dxOeicas ba Tas Kopupas Tod TudpaTos mapa Toy 
d£ova Tod Kwvoeidéos, (6) in the hyperboloid it is the straight line cut 
off within the segment from the line drawn through the vertea of the 
segment and the vertex of the cone enveloping the conoid ard tas 
axGeloas Sid Tas Kopupas tod tuduatos Kal Tas Kopypas Tod Kuvov TOD 
TeplexovTos TO Kwvoeidés, (c) in the spheroid it is the part similarly 
cut off from the straight line joining the vertices of the two segments 
into which the base divides the spheroid, éméd ras etOelas tas Tas 
kopuas aitav (tov tHapatwv) erlevyvvoicas. 

Archimedes does not use the word centre with respect to the 
hyperboloid of revolution, but calls the centre the vertex of the 
enveloping cone. Also the axis of a hyperboloid or a segment is 
only that part of it which is within the surface. The distance 
between the vertex of the hyperboloid or segment and the vertex 
of the enveloping cone is the line adjacent to the axis & roreotca 
TO aove. 

The following are miscellaneous expressions. Zhe part inter- 
cepted within the conoid of the intersection of the planes & évarro- 
AapOcioa ev TE kwvoedel TAs yevouevas Tomas TAV érurédwv, (the plane) 
will have cut the spheroid through its axis tetpakds éooeitar 7d 
ohatpoedes dia Tod afovos, so that the section it makes will be a 
conic section wore Tay ToMav mouaen Kwovov Tomar, let two segments be 
cut off in any manneréamoretpacOw dvo Tudpata ws ervxev or by 
plones drawn in any manner éerirédors brwcotv aypévors. 

Half the spheroid 1d dpiccov tod ocapoedéos, half the line 
joining the vertices of the segments (of a spheroid), i.e. what we should 
call a semi-diameter, a nuicéa airas tas émilevyvvotwas tas Kopypas 


tat th 
TOV THAMLATWV. 


The spiral. 

We have already had, in the conoids and spheroids, instances of 
the evolution of figures by the motion of curves about an axis. The 
same sort of motion is used for the construction of solid figures 
inscribed in and circumscribed about a sphere, a circle and an 
inscribed or circumscribed polygon being made to revolve about 
a diameter passing through an angular point of the polygon and 
dividing it and the circle symmetrically, In this case, in Archimedes’ 
phrase, the angular points of the polygon will move along the circwm- 
ferences of circles, ai ywviar kata Kikhov mepupeperdv évexPnoovrac (or 


\ 
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oie Ojoovrat) and the sides will move on certain cones, or on the surface 
of @ cone Katd Tw Kovev évexOyoovTat or Kar’ éridaveias Kwvov; and 
sometimes the angular points or the points of contact of the sides of 
a circumscribed polygon are said to describe circles ypadovor kixAovs. 
The solid figure so formed is rd yevnOev orepesv oxnpwa, and let the 
sphere by its revolution make a figure weprevexOcioa 74 ohaipa roreito 
OXIME Th. 

For the construction of the spiral, however, we have a new 
element introduced, that of time, and we have two different uniform 
motions combined ; if a straight line in a plane turn uniformly 
about one extremity which remains fixed, and return to the position 
Srom which it started and. tf, at the same time as the line is revolving, 
a point move at a uniform rate along the line starting from the fixed 
extremity, the point will desoribe a spiral in the plane, «i xa edOeia...év 
émiTédw...MEVOVTOS TOD ETépov Tépatos aiTas icotayews meprevexOeioa 
dmokatactaby madiw, oOev apyacer, apa S& Ta ypaypa Tepiayouéeva. 
pepytat TL capeiov icotaxews aitd éavT@ Kata Tas edHelas apsapevov aro 
TOD PEVOVTOS TepaTos, TO Gapetov EAika ypawer ev TO eriTedy. 

The spiral (described) in the first, second, or any turn is & eXug & ev 
Ta mpwra, Sevtépa, Or droiodv repupopa yeypaymeva, and the turns 
other than any particular ones are the other spirals ai addau €Xukes. 

The distance traversed by the point along the line in any time is 
& eveia a diavvaGeioa, and the times in which the point moved over the 
distances ot xpovot, év ols TO capetov Tas ypappas eropevOy ; in the tume 
in which the revolving line reaches AT from AB, év & xpovw & mepiayoueva. 
‘ypapua aro Tas AB emt trav AT aduxveirac, 

The origin of the spiral is dpxa tas €Xukos, the initial line apya tas 
mepupopas. The distance described by the point along the line in 
the first complete revolution is ed@eia rpwra (first distance), that 
described during the second revolution the second distance edOeta 
devrépa, and so on, the distances being culled by the number of the 
revolutions duwvipws Tals tepipopats. The first area, xwptov mparov, 
is the area bownded by the spiral described in the first revolution and 
by the ‘ furst distance’ 10 xwplov 76 repiradbev iro Te Tas EXiKos TAS ev 
TE TpwTa mepipopa ypadheicas Kal Tas edOeias, a €oTw mpwra; the second 
area is that bounded by the spiral in the second turn and the ‘second 
distance,’ and so on. The area added by the spiral in any turn is 76 
Xwplov 70 moTiAapGev dro Tas EAukos Ev Tv wepipopa. 

The first circle, xikXos mpdros, is the circle described with the 
‘first distance’ as radius and the origin as centre, the second circle 
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that with the origin as centre and twice the ‘first distance’ as 
radius, and so on. 

Together with as many times the whole of the circumference of the 
circle as (is represented by) the number less by one than (that of) 
the revolutions pel odras Tas Tov KiKAov Tepipepelas ToTavTdKis Nap- 
Bavopévas, doos éotiv 6 évi €Aacowy dpiOuds Tav repipopay, the circle 
called by the number corresponding to that of the revolutions 6 KiKXos 
6 Kara Tov adtov apiOpov Aeyomevos Tats mepupopais. 

With reference to any radius vector, the side which is in the 
direction of the revolution is forward ra rpoayovpeva, the other 
backward 7a éropeva. 


Tangents, etc. 


Though the word azrowa: is sometimes used in Archimedes of a 
line touching a curve, its general meaning is not to touch but simply 
to meet; e.g. the axis of a conoid or spheroid meets (amrera.) the 
surface in the vertex. (The word is also often used elsewhere than 
in Archimedes of points /ying on a locus ; e.g. in Pappus, p. 664, the 
point will lie on a straight line given in position aera: td onpeiov 
Oéoer Sedopévyns €dOeias.) 

To touch a curve or surface is generally épdarrec Oar or erupavew 
(with gen.). <A tangent is éparropevy or érupavovaa (sc. edOeia) and 
a tangent plane érupadov érimedov. Let tangents be drawn to the circle 
ABI, 70d ABT kvxdov edamropevar 4x9wcav; if straight lines be drawn 
touching the circles éov axOdciv twes éerupavovom tév Kikdwv. The 
full phrase of touching without cutting is sometimes found in 
Archimedes; if a plane touch (any of) the conoidal figures 
without cutting the conoid el xa twv Kwvoedéwy cynudtwv érimedov 
édarrytac py Téuvov 7d kwvoedes. The simple word yavev is 
occasionally used (participially), the tangent planes ta érimeda ta 
avovra.. 

To touch at a point is expressed by xara (with acc.) ; the points 
at which the sides...touch (or meet) the circle onpeia, xa? & drrovrat 
Tov KUKAov at mAevpal.... Let them touch the circle at the middle 
points of the circumferences cut off by the sides of the inscribed 
polygon érupavérwoav tod KUKAov KaTA péoa THY Tepipepeay TOV 
dmorepvopevuv td Tod eyyeypappévov rorvydvov mAeupar. 

The distinction between érupavew and amroua is well brought 
out in the following sentence; but that the planes touching the 
spheroid meet its surface at one point only we shall prove or de 
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ra erupatovta éximeda tod apaipoedéos Kal ev pdvov amrovrat capetov 
Tas éripavelas avrod degovpes. 

The point of contact apy. 

Tangents drawn from (a point) dypyévar ard; we find also the 
elliptical expression amd tod E éparrécOw 7 OBT, let OBI be the 
tangent from B, where, in the particular case, & is on the circle. 


Constructions. 


The richness of the Greek language in expressions for con- 
structions is forcibly illustrated by the variety of words which 
may be used (with different shades of meaning) for drawing a 
line. Thus we have in the first place ayw and the compounds 
diayw (of drawing a line through a figure, with eis or év following, 
of producing a plane beyond a figure, or of drawing a line in a 
plane), kardyw (used of drawing an ordinate down from a point on 
a conic), mpocayw (of drawing a line to meet another). As an 
alternative to mpocayw, mporBaddw is also used; and zpoorinrtTw 
may take the place of the: passive of either verb. To produce is 
éxBadAw, and the same word is also used of a plane drawn through a 
point or through a straight line; an alternative for the passive is 
supplied by éxrimtw. Moreover rpdoxema: is an alternative word 
for being produced (literally being added). 

In the vast majority of cases constructions are expressed by the 
elegant use of the perfect imperative passive (with which may be 
classed such forms as yeyovérw from yiyvoua, éorw from eiui, and 
xetoOw from xeipac), or occasionally the aorist imperative passive. 
The great variety of the forms used will be understood from the 
following specimens. Let BI be made (or supposed) equal to A, 
xeioOw 7) A icov 76 BY; let rt be drawn 7xOu, let a straight line be 
drawn in wt (a chord of a circle) du7xOw tis cis adrov edbeta, let KM be 
drawn equal to... ion katixOw 7 KM, let it be joined éreledyOw, let 
KA be drawn to meet rpooBeBrjcOw 7 KA, let them be produced 
exBeBrAjobwoar, suppose them found cipnobwoav, let a circle be set out 
exxeiaOw Kixdos, let it be taken cindbw, let K, H be taken écrwoav 
ciAnppévar at K, H, let a circle W be taken N\elapOw Kv«dos év Grd W, let 
it be cut retpno Ow, let it be divided S.arpyobw (Siypyobw) ; let one cone be 
cut by a plane parallel to the base and produce the section BZ, tunOyrw 6 
ETepos KaVOS érumédw TapacAnrAw TH Barer Kal roveitw Tounv tTHv EZ, let 
TZ be cut off drokedpbw a TZ; let (such an angle) be left and let it 
be NHI, AcAeifOw kai éorw 7 vd NHI, let a figure be made yeyeryoOw 
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oxnpa, let the sector be made éotrw yeyevnpévos 6 romeds, let cones be 
described on the circles (as bases) avayeypapOwoav amd tév KiKdwv 
K@VOL, ATO TOD KUKAOV KOVOS ~oTw, let it be inscribed or circumscribed 
eyyeypapOw (or éyyeypappévov éxtw), wepryeypapbw ; let an area (equal 
to that) of AB be applied to AH, rapaBeBrAjoOw rapa rav AH 75 ywpiov 
tov AB; let a segment of a circle be described on @K, émt tis @K 
KvkAou Tyna epertacbw, let the circle be completed avarerdnpdcbw 6 
vos, let NE (a parallelogram) be completed cvpretdnpwcbw 75 NE, 
‘let et be made rerounoOw, let the rest of the construction be the same as 
before ra dAAa KateckevdcOw Tov aitoy Tpdrov Tols TpoTepov. Suppose 
at done yeyoverw. 

Another method is to use the passive imperative of voéw (et it be 
conceived). Let straight lines be conceived to be drawn voeicbwoav 
edOciar yypeévat, let the sphere be conceived to be cut voeicbw 4 odaipa 
tetpnpevn, let a figure (generated) from the inscribed polygon be 
conceived as inscribed in the sphere ard rod rodvywvov tod éyypado- 
pévov vocicOw tu eis THY ohaipav eyypapey oxjua. Sometimes the 
participle for drawn is left out; thus dx’ adrod voecbw éripavera let 
a surface be conceived (generated) from tt. 

The active is much more rarely used; but we find (1) éév with 
subjunctive, 4f we cut éav téuwpev, if we draw éav ayaywpev, if you 
produce éav éxBadys ; (2) the participle, 2¢ 2s possible to inscribe...and 
(ultimately) to leave Suvardv éorw éyypadovta...Arcirev, if we con- 
tinually cireumseribe polygons, bisecting the remaining circumferences 
and drawing tangents, we shall (ultemately) leave det di weprypadovres 
Todvywva diya TeUVopevwv TOV TEpirerTOMEvoV TEPLPEPELOV Kal GyouLevOV 
éhartopevow Neipopev, it rs possible, if we take the area..., to inscribe 
AaBdvra (or AapBavovra) 7d Xwpiov...dvvarov éorwv...€yypawat; (3) the 
first person singular, J take two straight lines KapBavw dvo edGeias, 
IT took a straight line \aBov twa edOciay ; I draw OM from ® parallel 
to AZ, a&yw ard 700 © trav OM wapdddrndAov 7a AZ, having drawn TK 
perpendicular, I cut off AK equal to TK ayaywv xaferov trav TK 74 
TK icav drédaBov trav AK, I inscribed a solid figure...and curcum- 
scribed another évéypaya oxnua orepedv...kai addo mepréypaya. 

The genitive of the passive participle is used absolutely, 
cipebévtos 8 it being supposed found, éyypadpévros by (the figure) 
being inscribed. 

To make a figure similar to one (and equal to another) bpnowca, 
to find experimentally dpyavixds AaBeiv, to cut into unequal parts eis 


s 
avice. TEPLVELYV. 
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Operations (addition, subtraction, etc.). 


1. Addition, and sums, of magnitudes. 

To add is rpoortOnp., for the passive of which rpookeiar is often 
used ; thus one segment being added évos tyduatos rotireBévtos, the 
added (straight line) & moruxepéva, let the common HA, ZT be added 
Kowat mpockeicbwoav ai HA, ZI’; the words are generally followed 
by zpos (with acc. of the thing added fo), but sometimes by the 
dative, that to which the addition was made ® rorterébn. 

For being added together we have ovytiWecGa.; thus being added 
to itself owt Bépevov aird éavtad, added together és 76 adtd ovvtebevta, 
added to itself (continually) émurvvtBenevov éavta. 

Sums are commonly expressed for two magnitudes by cvvayde- 
tepos used in the following different ways; the sum of BA, AA 
cvvapdotepos 4 BAA, the sum of AT, TB cvvaydorepos y AT, TB, the 
sum of the area and the circle 756 ovvapdotepov 6 Te KUKAOS Kal Td 
xwpiov. Again for swms in general we have such expressions as the 
line which is equal to both the radii n ion apdorépas rats éx tod 
Kévtpov, the line equal to (the sum of) all the lines joining y ton 
maoais tas éemigevyvvovcas. Also all the curcles ot mavtes KvKAor 
means the swum of all the circles; and ovyxerrac é« is used for is 
equal to the sum of (two other magnitudes). 

To denote plus wera (with gen.) and owv are used ; together with 
the bases pera tv Bacewv, together with half the base of the segment 
ov TH Nuwweia THS TOD Tunpatos Bacews; te and kai also express the 
same thing, and the participle of zpooAaywBavw gives another way of 
describing having something added to it; thus the squares on (all) 
the lines equal to the greatest together with the square on the greatest... 
is Ta Tetpdywva Ta ard Tav icav Ta eyiota ToTAapBavovtTa TO TE amd 


Tas peyloras TeTpaywvor.... 
2. Subtraction and differences. 


To subtract from is adoipetv ad ; if (the rhombus) be conceived as 
taken away éav vonOy adypnpevos, let the segments be subtracted 
adaipebevtoy Ta Tuypwara. Terms common to each side in an 
equation are xowa ; the squares are common to both (sides) kowa évre 
éxatépwv 7a tetpaywva. Then let the common area be subtracted 
is Kowov adpypnobw 7d xwplovy, and so on; the remainder is denoted 
by the adjective dourds, e.g. the conical surface remaining hori 7 
KWVLK)) émupavela. 


The difference or excess is tmepoxy, or more fully the excess by 


THE TERMINOLOGY OF ARCHIMEDES. elxxvli 


which (one magnitude) exceeds (another) ‘epoxy, ¥ brepéxe... OF 
Umepoxd, & peiLwv éori.... The excess is also expressed by means of 
the verb vmepéxew alone ; let the difference by which the said triangles 
exceed the triangle AAT be ©, 6 8) vrepéxer ra cipyuéva tplywva Tod 
AAT tprydvov éorw 76 @, to exceed by less than the excess of the cone 
WY over the half of the spheroid srepéxew éAdooonu } @ (or Aiko) 
Umepéxer 6 V Kavos Tod rpiceos Tod opatpoerdéos (where & vrepéxer may 
also be omitted), Again the excess may be 6 petlov éori. The 
opposite to vmepéxer is Aefrerar (with gen.). 

Equal to twice a certain excess ica dvalv vrepoxais, with which 
equal to one excess, toa pid vrepoxG, is contrasted. 

The following sentence practically states the equivalent of an 
algebraical equation; the rectangle under ZH, ZA exceeds the rect- 
angle under ZE, EA by the (sum of) the rectangle contained by BA, 
EH and the rectangle wnder ZE, EE, irepéxen 76 vd tav ZH, BA rod 
vo tav ZE, EA 76 te vd trav BA, EH repiexopevy kat TO vd trav ZE, 
BE. Similarly twice PH together with ILS is (equal to) the sum of 
=P, PII, dvo0 pev ai PH pera ras IS cvvapddrepos éorw a PII. 

3. Multiplication. 

To multiply is rokAardacralw; multiply one another (of numbers) 
moAAarrAacalew adAddovs ; to multiply by a number is expressed by 
the dative ; let A be multiplied by ® rerohAarhaciacbw 6 A 7ré @. 

Multiplied into is sometimes éwi (with acc.); thus the rectangle 
H®, @A into @A (ie. & solid figure) is 75 vd rév HO, @A em 
Thv OA. 

4, Division. 

To divide d.aipetv ; let it be divided into three equal parts at the 
points K, @, Siypyobw «is tpia iva xara Ta K, © copeta; to be divisible 


by petpetcbar vo. 


Proportions. 

A ratio is doyos, proportional is expressed by the phrase in 
proportion dvadoyov, and a proportion is avadoyia. We find in 
Archimedes some uses of the verb A¢yw which seem to throw light 
on the definition found in Euclid of the relation or ratio between 
two magnitudes. One passage (On Conoids and Spheroids, Prop. 1) 
says if the terms similarly placed have, two and two, the same ratio 
and the first magnitudes are taken in relation to some other mag- 
nitudes in any ratios whatever «i xa Kata dvo tov aitov doyov ExwvTe 


‘ 
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Ta Spoiws teraypeva, Aeyytar Se 7a mpara peyébea oti Tia adda 
peyeea...év AMéyous Srrovoicodv, if A, B... be in relation to N, B... but 
Z be not in relation to anything (i.e. has no term corresponding to 
it) el xa... 7a pev A, B,... Aeywvtae wort 7a N, By... 7d be Z puyde 
wo? ev Neynrar. 

A mean proportional between is péon avadoyov Tav..., is &@ mean 
proportional between pécov Adyov éxer THS...KaL THS..., CWO mean pro- 
portionals 8v0 pécar avadoyov with or without kata rd cuvexés in 
continued proportion. 

If three straight lines be proportional éav tpeis edOetar avadoyov 
ao, a fourth proportional terapta avadoyov, if four straight lines be 
proportional in continued proportion «i xa téocapes ypoppat avddoyov 
éwvte év TE ouvexel avadoyia, at the point dividing (the line) in the 
said proportion kara Tav dvadoyov Tomav Th cipymeva. 

The ratio of one straight line to another is e.g. 6 THs PA mpds AX 
Adyos or 6 (Aoyos), dv exer y PA pds tHV AX; the ratio of the bases 6 
tov Baciwy Adyos ; has the ratio of 5 to 2 doyov exer, dv wévte mpds 
dvo. 

For having the same ratio as we find the following constructions. 
Have the same ratio to one another as the bases tov abrov éxovte doyov 
mot aAXadXous tats Baceow, as the squares on the radi ov ai ex tav 
xévtpov duvdyer; TA has to PZ the (linear) ratio which the square on 
TA has to the square on H, ov éxe Aoyov 7 TA zpos tiv H dvvape, 
Tovrov éxeu Tov Adyov y TA mpds PZ pre. Is divided in the same 
ratio eis Tov abrov Aoyov TétunTaL, Or Simply duoiws; will divide the 
diameter in the proportion of the successive odd numbers, unity 
corresponding to the (part) adjacent to the vertex of the segment trav 
didpetpov tepodvte cis Tos Tav é€fs Tepiccav apiOudv Aoyous, évds 
Aeyouevov worl TG KopyPa Tod Tudparos. 

To have a less (or greater) ratio than is éxew Aoyov éAaccova (or 
peiCova) with the genitive of the second ratio or a phrase introduced 
by 7; to have a less ratio than the greater magnitude has to the less, 
exe Adyov éAdooova 7} TO peilov péyeHos mpds 76 accor. 

For duplicate, triplicate etc. ratios we have the following 
expressions: has the triplicate ratio of the same ratio tpirAaciova 
Aoyov exer TOV adtovd Aoyov, has the duplicate ratio of EA to AK 
durdaciova Adyov exe: nrep 7 EA pos AK, are in the triplicate ratio 
of the diameters in the bases év tpvtdaciov. Adyw ict taév év Tats 
Baceo. diapérpwv, sesquialterate ratio jpdros Aédyos. With these 
expressions must be contrasted the use of double, quadruple ete, 
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ratio in the sense of a simple multiple by 2, 4 etc. eg. if any 
number of areas be placed in order, each being four times the next e 
Ka Xwpia teDéwvre E&fs Srocaody ev TG TetpatAaciovi hoyw. 

The ordinary expression for a proportion is as A is to B so is T 
to A, ws 7 A mpds THY B, ovrws 74 I mpcs thy A. Let AE be made so 
that AE 1s to TE as the swum of @A, AE is to AE, reroijobu, os 
guvauorepos 7 @A, AE zpos tiv AE, odtws 4 AE pos TE. The 
antecedents are rd 1yovpeva, the consequents ra énopeva. 

For reciprocally proportional the parts of dvrurémovOa are used ; 
the bases are reciprocally proportional to the heights avrimerdvOacw 
ait Baces tais vweow, to be reciprocally in the same proportion 
avrurerovOéuev Kata Tov adtov Adyov. 

A ratio compounded of is doyos cvvnppevos (or ovyKeipevos) ex TE 
TOv...Kal TOv...; the ratio of PA to AX is equal to that compounded of 
6 THs PA mpos AX Xoyos ouvyrra éx.... Two other expressions for 
compounded ratios are 6 tod aro A@ mpos to dro BO xai 6 (or 
mpocdaBav tov) ris AO rpos OB, the ratio of the syuare on A® to 
the square on BO multiplied by the ratio of A® to @B. 

The technical terms for transforming such a proportion as 
a:b=c:d are as follows: 


1, évadAaé alternately (usually called permutando or alternando) 
means transforming the proportion into a :¢=b): d. 

2. avaradw reversely (usually invertendo), b:a=d :c. 

3. atvOecrs doyou is composition of a ratio by which the ratio 
a:6 becomes a+6:6. The corresponding Greek term to com- 
ponendo is ovvévrt, which means no doubt literally “to one who 
has compounded,” i.e. “if we compound,” the ratios. Thus ovv@év7 
denotes the inference thata+6:b=c+d:d. kata civOecw is also 
used in the same sense by Archimedes. 


4. S.alpeors Adyov signifies the division of a ratio in the sense of 
separation or subtraction by which a: b becomesa—b: 6. Similarly 
SueAdvte (or Kata Siaipecwv) denotes the inference that a—6:6= 
c—d:d. The translation dividendo is therefore somewhat mis- 
leading. 

5. dvactpopy Aoyov conversion of a ratio and avacrpépavre 
correspond respectively to the ratio a: a—6 and to the inference 
thata:a—b=c:c—d. 


\ 
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6. 8 icov ex aequali (sc. distantia) is applied e.g. to the 
inference from the proportions 


a:6:c:dete.=A:B:C: D ete. 
that Gal ALD: 


When this dividing-out of ratios takes place between proportions 
with corresponding terms placed crosswise, it is described as 8’ ivov 
év TH TeTapaypevy dvadoyia, ex aequali in disturbed proportion or 
avopoiws tév NOywv Tetaypéevwv the ratios being dissimilarly placed ; 
this is the case e.g. when we have two proportions 


He Rl = JB; 8 (O, 
DRG Ale Isp 
and we infer that a:c=A:C. 


Arithmetical terms. 


Whole multiples of any magnitude are generally described as the 
double of, the triple of etc., 6 dutAactos, 6 tprrAactos x.t.A., following 
the gender of the particular magnitude; thus the (surface which 1s) 
Sour times the greatest circle in the sphere 4 tetparAagia tod peyiorou 
KUkXov Tav ev TH opalpa; five times the sum of AB, BE together with 
ten times the sum of T'B, BA, 4 revrarAacia cvvapdorépov tas AB, BE 
pera. Tas SexatAacias cvvaydporépov tas TB, BA. The same multiple 
as tocavtarAaciwv...dcatAaciwy éoti, or icakis o\AaTAaciwv...Kal. 
The general word for a multiple of is toAAatAdowos or ToAAaTAaciwv, 
which may be qualified by any expression denoting the nwmber of 
times multiplied ; thus multiplied by the same number rodAamAdcwos 
TS avTd apiOua, multiples according to the successive numbers 
moAXatAagia Kata Tous é&ys apiOmovs. 

Another method is to use the adverbial forms twice dis, thrice 
tpis, etc., which are either followed by the nominative, e.g. twice EA 
dis 7 EA, or constructed with a participle, e.g. twice taken dis Aap- 
Bavopevos or dis eipnuévos ; together with twice the whole circumference 
of the circle pe? oras Tas Tod KiKrov mepidepeias Sis ap Pavopevas. 
Similarly the same number of times (the said circumference) as is 
expressed by the number one less than (that of) the revolutions 
tocavTdkis AapBavonévas, doos eoTlv 6 Evi eAdoowv apiOyos Tav 
mepipopav. An interesting phrase is the following, as many times as 
the line T'A 2s contained (literally added together) in AA, so many times 
let the time ZH be contained in the time AH, dcdxts cvyxeirar a TA 
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yeaypa ev 7G AA, rocavraxis cvyKeicbw 5 ypdvos 6 ZH ev TO Xpovw TO 
AH. 

Submultiples are denoted by the ordinal number followed by 
pPépos ; one-seventh is €Bdopov pépos and so on, one-half being however 
nysovs. When the denominator is a large number, a circumlocutory 
phrase is used ; thus less than z3;th part of a right angle éddrrwv 
Siaipebeioas tas dpOas cis p£d rovtwv év pépos. 

When the numerator of a fraction is not unity, it is expressed 
by the ordinal number, and the denominator by a compound 
substantive denoting such and such a submultiple; e.g. two-thirds 
dv0 tpitapopia, three-fifths tpia meurrapopia. 

There are two improper fractions which have special names, 
thus one-and-a-half of is yptod0s, one-and-a-third of éirprtos. 
Where a number is partly integral and partly fractional, the integer 
is first stated and the fraction follows introduced by xat éru or kai 
and besides. The phrases used to express the fact that the cir- 
cumference of a circle is less than 34 but greater than 31° times its 
diameter deserve special notice ; (1) mavtés KvKAov 7 mepiperpos THs 
diaperpov tpitAaciwv oti, Kat ere trepexer EAaooovr pev 7) EBdouw péper 
THs Siaperpor, peilove dé 7 déxa EBSouynkooropovors, and (2) tpurAaciwv 
ori Kal lagoon pev 7 EBdopm pepe, peilove b€ 7 U oa” peiLwy. We 
also have the phrase for the first part éAacowv 7 tpitAaciwy Kat 
EBdouw pepe: peilwv. 

To measure petpetv, common measure Kowov pérpov, commensurable, 
incommensurable atupetpos, aovppeTpos. 


Mechanical terms. 


Mechanics ra pynxavixa, weight Bapos; centre of gravity Kevtpov 
tov Bapeos with another genitive of the body or magnitude; in the 
plural we have either ra xévtpa aitdév tod Bapeos or Ta KEévTpa TOV 
Bapéwy. xévtpov is also used alone. 

A lever Cvyds or Giyiov, the horizon 6 bpifwv ; in a vertical line is 
represented by perpendicularly xatd xaferov, thus the point of 
suspension and the centre of gravity of the body suspended are in a 
vertical line xara Kaberov éote TO TE Gapeiov TOD KpE“acTod Kal TO 
Kévtpov Tov Bapeos Tod Kpewapevov. Of suspension from or at é« or 
kara (with acc.) is used. Let the triangle be suspended from the 
points B, T', xpeuacdw 1d tpiywvov é« tév B, T capetwv; of the 
suspension of the triangle BAT at B, T be set free, and it be suspended 
at E, the triangle remains in its position «i xa trod BAT tprydvou 4 
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pev xara ta B, I xpéuacis AvOA, Kara dé 7d E xpeuacOy, péver 10 
tpiywvov, ws viv éxeL. 

To incline towards férev emi (acc.); to be in equilibrium 
icopporeiv, they will be in equilibrium with A held fast xarexopévov 
rod A icoppornoe, they will be in equilibrium at A (i.e. will balance 
about A) xara 75 A icoppornoodvt.; AB ts too great to balance T 
peildv gor. 76 AB 7 wore icopporetv tr IT. The adjective for om 
equilibrium is icoppemns ; let it be in equilibrium with the triangle 
TAH, icopperés éorw rG6 TAH tprydvw. To balance at certain 
distances (from the point of support or the centre of gravity of a 
system) is dé twwy paxéwv icopporeiv. 


Theorems, problems, etc. 


A theorem Oewpnua (from Oewpety to investigate); a problem 
mpoBAypa, with which the following expressions may be compared, 
the (questions) propounded concerning the figures ra mpoBeBrAnpEva 
wept tav oxnpatwv, these things are propounded for investigation 
mpoBarr€rar rade Oewpynoar; also mpdxemar takes the place of the 
passive, which it was proposed (or required) to find omep mpo€keto 
ebpetv. 

Another similar word is éritaypya, direction or requirement ; 
thus the theorems and directions necessary for the proofs of them ra 
Ocwpypara Kal Ta éritaypata Td xXpelav éxovta cis Tas Arodeslas adTav, 
in order that the requirement may be fulfilled drws yévytar 1d émt- 
taxOev (or éritaypa). To satisfy the requirement is moveiv 76 éritaypa 
(either e.g. of lines in a figure, or of the person solving the 
problem). 

After the setting out (é@eo.s) in any proposition there follows 
the short statement of what it is required to prove or to do. In 
the former case (that of a theorem) Archimedes uses one of three 
expressions Seuxréov tt is required to prove, léyw or dayi dy I assert 
or say; and in the second case (that of a problem) det dy it is 
required (to do so and so). 

In a problem the analysis dvadvois and synthesis civOeots are 
distinguished, the latter being generally introduced with the words 
the synthesis of the problem will be as follows ovvrebyoetar 1d 
mpoBrAynpa ovtws. The parts of the verb dvadvew are similarly 
used ; thus the analysis and synthesis of each of these (problems) will 
be given at the end éxatepa S€ Tatra emt réde avaAdvOnoerai Te Kal 
ouvteOyoera. 


THE TERMINOLOGY OF ARCHIMEDES. elxxxili 


A notable term in connexion with problems is the d.opiopds 
(determination), which means the determination of the limits within 
which a solution is possible*. If a solution is always possible, the 
problem does not involve a 8topro pos, odk exer Svopicpov ; otherwise 
it does involve it, éxer Svopurpov. 


Data and hypotheses. 


For given some part of the verb didwus is used, generally the 
participle does, but sometimes dedopuévos and once or twice &ddpevos. 
Let a curcle be given sdd08w kixdos, given two unequal magnitudes 
dvo peyeOadv avicwy dof&vtwr, each of the two lines TA, EZ is given 
éotiv do8cica Exatépa tHv TA, EZ, the same ratio as the given one 
Aoyos 6 airos tH SoHév7r. Similar expressions are the assigned ratio 
6 taxeis Adyos, the given area rd mporebev (or mpoKeipevov) xwpiov. 

Given in position béce: simply (sc. dedomevy). 

Of hypotheses the parts of the verb vaorieua. and (for the 
passive) v7dxepor are used; with the same suppositions trav abrav 
vrokeipevey, let the said suppositions be made vroxeicOw Ta cipnwéva, 
we make these suppositions vroriéueGa Trade. 

Where in a reductio ad absurdum the original hypothesis is 
referred to, and generally where an earlier step is quoted, the past 
tense of the verb is used ; but it was not (so) ov« jv 8€, for it was less 
jv yap accu, they were proved equal aredeixOnoav icor, for this has 
been proved to be possible ddeixrar yap todro duvardv édv. Where a 
hypothesis is thus quoted, the past tense of v7dxeyor has various 
constructions after it, (1) an adjective or participle, AZ, BH were 
supposed equal ica vréxewro ai AZ, BH, 2 is by hypothesis a tangent 
vréxeito érupavovoa, (2) an infinitive, for by hypothesis it does not 
cut vréxerto yap pa Ttéuverv, the axis 1s by hypothesis not at right 
angles to the parallel planes vréxerto 6 a&wv pH elwev dp0ds orl ta 
mapdddada érimeda, (3) the plane is supposed to have been drawn 
through the centre 16 éwimedov vrexevtar dua Tod Kévtpov axGa.. 

Supposing it found evpeOévros absolutely. Suppose it done 
yeyoverw. 

The usual idiomatic use of ei 5¢ yy after a negative statement 
may be mentioned ; it will not meet the surface im another point, 
otherwise... ob yap awérar Kat GAAo capetov Tas émipaveias: «i S€ 


Mapes 
* Of. Apollonius of Perga, p. 1xx, note, 


. 
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Inferences, and adaptation to different cases. 


The usual equivalent for therefore is dpa; odv and roivuy are 
generally used in a somewhat weaker sense to mark the starting- 
point of an argument, thus ézei oby may be translated as since, then. 
Since is émei, because S671. 

TOAAG paGAAov much more then is apparently not used in Archi- 
medes, who has woAA@ alone; thus much less then is the ratio of the 
circumscribed figure to the inscribed than that of K to H woAd@ 
apa To Teprypapev mpos TO eyypadev <Adoaova Néyov exe Tod, dv exer 7 
K zpos H. 

dud. with the accusative is a common way of expressing the 
reason why; because the cone is isosceles Sia 76 ioookeAH elvar Tov 
kavov, for the same reason dia. tavrd. 

dia. with the genitive expresses the means by which a proposition 
is proved; by means of the construction 8a rs Katackevys, by the 
same means 8a tdv aitav, by the same method Sa rod aitod tpdrov. 

Whenever this is the case, the surface is greater drav todtto 7, 
peiluv yiverar n émipdvea..., if this is the case, the angle BA® is 
equal..., «i 8& Tovro, toa éotiv 4 i716 BA® ywvia..., which is the same 
thing as showing that... 6 ravtrov éote To Sei€au, Ore... 

Similarly for the sector dpoiws 8& kal émi tod Topéws, the proof 
is the same as (that used to show) that 4 aira amddegis amep Kat ott, 
the proof that...rs the same & atta amddegis eve kal dudte..., the same 
argument holds for all rectilineal figures inscribed in the segments in 
the recognised manner (see p. 204) éri ravtwv edOvypappwv tov 
eyypaopévev és TA TuaaTa yvwpiws 6 adrds Adyos ; it will be possible, 
having proved it for a circle, to transfer the same argument in 
the case of the sector éorar emi kixdov Seigavta petayayeiv Tov dpoLov 
Aoyov Kai eri Tod Topéws ; the rest will be the same, but it will be the 
lesser of the diameters which will be intercepted within the spheroid 
(instead of the greater) ra pév GAAa Ta adrd. €ooeirar, Tav dé Siaperpwv 
dé. Adoowyv éooeitar a évarodapOcioa ev TH cHatpoedet; it will make 
no difference whether...or...dvoice dé ovd€v, €ire...€tTE.... 


Conclusions. 


The proposition is therefore obvious, or is proved dnrov ovv éote 
(or dédetxrar) 7d mporefev ; similarly gavepdv odv éorw, 0 eu decEar, 
and ée Sé todro deifa. Which is absurd, or impossible omep arorov, 
or advvarov. 


A curious use of two negatives is contained in the following : 
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odK apa. ovK éote KevTpov ToD Bapeos tod ABZ tprywvov 75 N capetov. 
éorw apa, therefore it is not possible that the point N should not be the 
centre of gravity of the triangle AEZ. It must therefore be so. 

Thus a rhombus will have been formed éorar 8} yeyovds pouos ; 
two unequal straight lines have been found satisfying the requirement. 
etpnyéva ciciy apa dvo eiBeta avicor rovotoat 76 éritaypa. 


Direction, coneavity, convexity. 


In the same direction éwi ta aira, in the other direction ém 
Ta erepa, concave in the same direction émi ta aita Koidn ; in the same 
durection as éri ra. aita with the dative or éf¢’ a, thus im the same 
direction as the vertex of the cone éri ta aita T& Tod Kwvov Kopyda, 
drawn in the same direction as (that of) the convex side of it émi ta 
atta dyomevar, ep a evte Ta KupTa aitod. For on the same side of ént 
Ta. adra is followed by the genitive, they fall on the same side of the 
line éri ra. atta rimtover THS ypaymis. 

On each side of ép Exdrepa (with gen.); on each side of the plane 
of the base éf éxdrepa tod emuméSou Tijs Bdcews. 


Miscellaneous. 


Property ciprrwya. Proceeding thus continually, aet todtto 
mowovvTes, det TovTov yevouevov, OY -TovTov ééys ywouevov. In the 
elements év TH oro.yewset. 

One special difference between our terminology and the Greek is 
that whereas we speak“of any circle, any straight line and the like, 
the Greeks say every circle, every straight line, etc. Thus any 
pyramid is one third part of the prism with the same base as the 
pyramid and equal height raoa rupapuis tpitov mépos €or Tov mpicpatos 
Tod Tav avtav Baow exovros Ta wupapidse Kal vos icov, TI define the 
diameter of any segment as Siapetpov xahéw mavtds tuaparos. To 
exceed any assigned (magnitude) of those which are comparable with 
one another trepéxew Tavtds tod mpoteBévtos Tav mpds aAdAnAa 
Aeyopevov, 

Another noteworthy difference is illustrated in the last sentence. 
The Greeks did not speak as we do of a given area, a given ratio 
etc., but of the given area, the given ratio, and the like. Thus J¢ is 
possible...to leave certain segments less than a given area dvvarov 
éorw...Aelrew Twa Tunpata, amep eotar éAagoova Tod mpoKEpévou 
xwpiov ; to divide a given sphere by a plane so that the segments have 
to one another an assigned ratio trav Sobcicav odatpav érirédw Tepeiv, 


lal / ” 
ore TA TuGpaTa adtas ToT aAdada Tov TaxGévra Aoyov ExeLv. 
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Magnitudes in arithmetical progresston are said to exceed each 
other by an equal (amount) ; of there be any number of magnitudes in 
arithmetical progression «i xa éwvte peyéea. Stocaciv TG iow &AdAwV 
vmepéxovta. The common difference is the eacess vmepoxa, and the 
terms collectively are spoken of as the magnitudes exceeding by the 
equal (difference) ti 7H tow vrepéxovta. The least term is 76 éXdxuoTov, 
the greatest term 76 péytotov. The sum of the terms is expressed by 
mavra Ta TO low VrrepexovTa. 

Terms of a geometrical progression are simply wn (continued) 
proportion avadoyov, the series is then 7 avadoyia, the proportion, 
and a term of the series is tis tov év 74 airG avadoyia. Numbers in 
geometrical progression beginning from unity are apifyot avadoyov 
do povados. Let the term A of the progression be taken which 
is distant the same number of terms from © as A is distant from 
unity NehabOw ex tas avadoyias 6 A aréxwv ard Tod @ rocovrovs, daovs 


c ? \ 4 > / 
6 A amd povados azréxet. 


ON THE SPHERE AND CYLINDER. 
BOOK I. 


“ ARCHIMEDES to Dositheus greeting. 


On a former occasion I sent you the investigations which 
I had up to that time completed, including the proofs, showing 
that any segment bounded by a straight line and a section of a 
right-angled cone [a parabola] is four-thirds of the triangle 
which has the same base with the segment and equal height. 
Since then certain theorems not hitherto demonstrated (ave- 
AéyeT@v) have occurred to me, and I have worked out the proofs 
of them. They are tKese: first, that the surface of any sphere 
is four times its greatest circle (rod peyiorou KUKXov); next, 
that the surface of any segment of a sphere is equal to a circle 
whose radius (7 €« Tov xévTpov) is equal to the straight line 
drawn from the vertex (ckopug7) of the segment to the circum- 
ference of the circle which is the base of the segment; and, 
further, that any cylinder having its base equal to the greatest 
circle of those in the sphere, and height equal to the diameter 
of the sphere, is itself [7.e. in content] half as large again as the 
sphere, and its surface also [including its bases] is half as large 
again as the surface of the sphere. Now these properties were 
all along naturally inherent in the figures referred to (avy 77 
pice. mpovTnpyev epi Ta eipnuéva oxnuwata), but remained 
unknown to those who were before my time engaged in the 
study of geometry. Having, however, now discovered that the 
properties are true of these figures, I cannot feel any hesitation 


x 
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in setting them side by side both with my former investiga- 
tions and with those of the theorems of Eudoxus on solids 
which are held to be most irrefragably established, namely, 
that any pyramid is one third part of the prism which has the 
same base with the pyramid and equal height, and that any 
cone is one third part of the cylinder which has the same 
base with the cone and equal height. For, though these 
properties also were naturally inherent in the figures all along, 
yet they were in fact unknown to all the many able geometers 
who lived before Eudoxus, and had not been observed by any 
one. Now, however, it will be open to those who possess the 
requisite ability to examine these discoveries of mine. They 
ought to have been published while Conon was still alive, 
for I should conceive that he would best have been able to 
grasp them and to pronounce upon them the appropriate 
verdict ; but, as I judge it well to communicate them to those 
who are conversant with mathematics, I send them to you with 
the proofs written out, which it will be open to mathematicians 
to examine. Farewell. 


I first set out the axioms* and the assumptions which I 
have used for the proofs of my propositions. 


DEFINITIONS. 


1. There are in a plane certain terminated bent lines 
(kaprvrat ypaupal Terepacuévar)t, which either lie wholly on 
the same side of the straight lines joining their extremities, or 
have no part of them on the other side. 


2. I apply the term concave in the same direction 
to a line such that, if any two points on it are taken, either 
all the straight lines connecting the points fall on the same 
side of the line, or some fall on one and the same side while 
others fall on the line itself, but none on the other side. 


* Though the word used is déuwuara, the ‘‘axioms” are more of the nature 
of definitions ; and in fact Eutocius in his notes speaks of them as such (8po:). 

y+ Under the term bent line Archimedes includes not only curved lines of 
continuous curvature, but lines made up of any number of lines which may be 
either straight or curved. 
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3. Similarly also there are certain terminated surfaces, not 
themselves being in a plane but having their extremities in a 
plane, and such that they will either be wholly on the same 
side of the plane containing their extremities, or have no part 
of them on the other side. 


4. I apply the term concave in the same direction 
to surfaces such that; if any two points on them are taken, the 
' straight lines connecting the points either all fall on the same 
side of the surface, or some fall on one and the same side of 
it while some fall upon it, but none on the other side. 


5. I use the term solid sector, when a cone cuts a sphere, 
and has its apex at the centre of the sphere, to denote the 
figure comprehended by the surface of the cone and the surface 
of the sphere included within the cone. 


6. I apply the term solid rhombus, when two cones with 
the same base have their apices on opposite sides of the plane 
of the base in such a position that their axes lie in a straight 
line, to denote the solid figure made up of both the cones. 


ASSUMPTIONS. 


1. Ofall lines which have the same extremities the strarght 
line is the least*. a 


* This well-known Archimedean assumption is scarcely, as it stands, a 
definition of a straight line, though Proclus says [p. 110 ed. Friedlein] ‘“ Archi- 
medes defined (wpicaro) the straight line as the least of those [lines] which have 
the same extremities. For because, as Euclid’s definition says, é& toov Ketrac Tors 
éf éavrfis onuelors, it is in consequence the least of those which have the same 
extremities.” Proclus had just before [p. 109] explained Euclid’s definition, 
which, as will be seen, is different from the ordinary version given in our text- 
books; a straight line is not ‘‘that which lies evenly between its extreme points,” 
but ‘‘that which é€¢ tcov rots é¢' éautfs onuelois xetra.”” The words of Proclus 
are, ‘‘ He [Buclid] shows by means of this that the straight line alone [of all 
lines] occupies a distance (karéxew dudornua) equal to that between the points 
on it. For, as far as one of its points is removed from another, so great is the 
length (uéye0os) of the straight line of which the points are the extremities; 
and this is the meaning of 76 éé icou KetoOar Tots ép' éaurijs onuetors. But, if you 
take two points on a circumference or any other line, the distance cut off 
between them along the line is greater than the interval separating them; and 
this is the case with every line except the straight line.” It appears then from 
this that Euclid’s definition should be understood in a sense very like that of 
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2. Of other lines in a plane and having the same extremi- 
ties, [any two] such are unequal whenever both are concave in 
the same direction and one of them is either wholly included 
between the other and the straight line which has the same 
extremities with it, or is partly included by, and is partly 
common with, the other; and that [line] which is included is 
the lesser [of the two]. 


3. Similarly, of surfaces which have the same extremities, 
if those extremities are in a plane, the plane is the least [in 
area |. 

4. Of other surfaces with the same extremities, the ex- 
tremities being in a plane, [any two] such are unequal when- 
ever both are concave in the same direction and one surface 
is either wholly included between the other and the plane which 
has the same extremities with it, or is partly included by, and 
partly common with, the other; and that [surface] which is 
included is the lesser [of the two in area]. 


5. Further, of unequal lines, unequal surfaces, and unequal 
solids, the greater exceeds the less by such a magnitude as, 
when added to itself, can be made to exceed any assigned 
magnitude among those which are comparable with [it and 
with] one another*. 


These things being premised, if a polygon be inscribed in a 
circle, it 1s plain that the perimeter of the inscribed polygon is 
less than the curcumference of the circle; for each of the sides 
of the polygon is less than that part of the circumference of the 
circle which is cut off by it.” 


Archimedes’ assumption, and we might perhaps translate as follows, “A straight 
line is that which extends equally (€& toou xetra:) with the points on it,” or, to 
follow Proclus’ interpretation more closely, ‘‘A straight line is that which 
represents equal extension with [the distances separating] the points on it.” 

* With regard to this assumption compare the Introduction, chapter mr. § 2. 


Or 


ON THE SPHERE AND CYLINDER I. 


Proposition 1. 


Lf a polygon be circumscribed about a circle, the perimeter 
of the circumscribed polygon is greater A 
than the perimeter of the circle. Q 

Let any two adjacent sides, meet- 
_ing in A, touch the circle at P, Q 
respectively. 

Then [Asswmptions, 2] 

PA+AQ>(arce PQ). 

A similar inequality holds for each 
angle of the polygon; and, by ad- 
dition, the required result follows. 


Proposition 2. 


Given two unequal magnitudes, it is possible to find two un- 
equal straight lines such that the greater straight line has to the 
less a ratio less than the greater magnitude has to the less. 

Let AB, D represent the two unequal magnitudes, AB being 
the greater. 

Suppose BC measured along BA equal to D, and let GH be 
any straight line. p 

Then, if CA be added to itself a sufficient A 
number of times, the sum will exceed D. Let a 
AF be this sum, and take # on GH produced \ 
such that GH is the same multiple of H# that 7 
AF is of AC. 

Thus BH AG = AC: AF. 

But, since AF’ > D (or CB), 
ACS AP aAC CB. {8 


Therefore, componendo, G 
EG:GH<AB:D. 


Hence EG, GH are two lines satisfying the given condition. 
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Proposition S. 


Given two unequal magnitudes and a circle, it is possible to 
inscribe a polygon in the circle and to describe another about it 
so that the side of the circumscribed polygon may have to the side 
of the inscribed polygon a ratio less than that of the greater 
magnitude to the less. 


Let A, B represent the given magnitudes, A being the 
greater. 


Find [Prop. 2] two straight lines F, KL, of which F is the 
greater, such that 


BS . 


L uM 


Draw IM perpendicular to LK and of such length that 
KM =F. 


In the given circle let CH, DG be two diameters at right 
angles. Then, bisecting the angle DOC, bisecting the half 
again, and so on, we shall arrive ultimately at an angle (as 
NOC) less than twice the angle LKM. 


Join VC, which (by the construction) will be the side of a 
regular polygon inscribed in the circle. Let OP be the radius 
of the circle bisecting the angle NOC (and therefore bisecting 
NC at right angles, in H, say), and let the tangent at P meet 
OC, ON produced in S, T respectively. 

Now, since ZCON <2zLKM, 


ZHOC<2ZLKM, 
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and the angles at H, L are right; 
therefore MK: LK >OC : OH 
SOR OH: 
Hence Sie CN< MK LK 
<P UK 
therefore, a fortiori, by (1), 
3 “ST: CN<A:B. 
Thus two polygons are found satisfying the given condition. 


Proposition 4. 


Again, given two unequal magnitudes and «a sector, tt is 
possible to describe a polygon about the sector and to inscribe 
another in it so that the side of the circumscribed polygon may 
have to the side of the inscribed polygon a ratio less than the 
greater magnitude has to the less. 


[The “inscribed polygon” found in this proposition is one 
which has for two sides the two radii bounding the sector, while 
the remaining sides (the number of which is, by construction, 
some power of 2) subtend equal parts of the arc of the sector; 
the “circumscribed polygon” is formed by the tangents parallel 
to the sides of the inscribed polygon and by the two bounding 
radii produced.] 


In this case we make the same construction as in the last 
proposition except that we bisect the angle COD of the sector, 
instead of the right angle between two diameters, then bisect 
the half again, and so on. The proof is exactly similar to the 
preceding one. 
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Proposition 5. 


Given a circle and two unequal magnitudes, to describe a 
polygon about the circle and inscribe another in tt, so that the 
circumscribed polygon may have to the inscribed a ratio less than 
the greater magmtude has to the less. 


Let A be the given circle and B, C the given magnitudes, B 
being the greater. 


F 


Take two unequal straight lines D, HZ, of which D is the 
greater, such that D: H<B:C [Prop. 2], and let F be a mean 
proportional between D, F, so that D is also greater than F’. 


Describe (in the manner of Prop. 3) one polygon about the 
circle, and inscribe another in it, so that the side of the former 
has to the side of the latter a ratio less than the ratio D : F. 


Thus the duplicate ratio of the side of the former polygon 
to the side of the latter is less than the ratio D? : F”. 


But the said duplicate ratio of the sides is equal to the 
ratio of the areas of the polygons, since they are similar; 


therefore the area of the circumscribed polygon has to the 
area of the inscribed polygon a ratio less than the ratio D? : F?, 
or D: E, and a fortiori less than the ratio B : C. 
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Proposition 6. 


“Similarly we can show that, given two unequal magnitudes 
and a sector, it ts possible to circumscribe a polygon about the 
sector and inscribe in it another similar one so that the circum- 
scribed may have to the inscribed a ratio less than the greater 
“magnitude has to the less. 


And it is likewise clear that, if a circle or a sector, as well 
as a certain area, be given, it is possible, by mscribing regular 
polygons in the circle or sector, and by continually inscribing 
such in the remaining segments, to leave segments of the circle or 
sector which are [together] less than the given area. For this is 
proved in the Hlements [Eucl. xu. 2]. 


But it is yet to be proved that, given a circle or sector and 
an area, it 1s possible to describe a polygon about the circle or 
sector, such that the area remaining between the circumference 
and the circumscribed figure is less than the given area.” 


CE 


The proof for the circle (which, as Archimedes says, can be 
equally applied to a sector) is as follows. 


Let A be the given circle and B the given area. 


Now, there being two unequal magnitudes A + B and A, let 
a polygon (C) be circumscribed about the circle and a polygon 
(J) inscribed in it [as in Prop. 5], so that 


CO el PAS SA ted say aisle ose vess' (1). 
The circumscribed polygon (C) shall be that required. 
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For the circle (A) is greater than the inscribed polygon (J). 
Therefore, from (1), a fortior., 
C:A<A+B:A, 
whence C<A+B, 
or C-A<B. 


Proposition 7. 


I) in an isosceles cone [1.e. a right circular cone] a pyramid 
be inscribed having an equilateral base, the surface of the 
pyramid excluding the base rs equal to a triangle having its 
base equal to the perimeter of the base of the pyramid and tts 
height equal to the perpendicular drawn from the apex on one 
side of the base. 


Since the sides. of the base of the pyramid are equal, it 
follows that the perpendiculars from the apex to all the sides 


of the base are equal; and the proof of the proposition is 
obvious. 


Proposition 8. 


If a pyramid be circumscribed about an isosceles cone, the 
surface of the pyramid excluding its base is equal to a triangle 
having its base equal to the perimeter of the base of the pyramid 
and its height equal to the side [1.e. a generator] of the cone. 


The base of the pyramid is a polygon circumscribed about 
the circular base of the cone, and the line joining the apex of 
the cone or pyramid to the point of contact of any side of the 
polygon is perpendicular to that side. Also all these perpen- _ 
diculars, being generators of the cone, are equal; whence the 
proposition follows immediately. 
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Proposition 9. 


Lf in the circular base of an isosceles cone «a chord be placed, 
and from its extremities straight lines be drawn to the apex of 
the cone, the triangle so formed will be less than the portion of 
the surface of the cone intercepted between the lines drawn to the 
apex. 

Let ABC be the circular base of the cone, and 0 its apex. 


Draw a chord AB in the circle, and join OA, OB. Bisect 
the arc ACB in C, and join AC, BC, OC. 


Then A OAC + A OBC> A OAB. 


Let the excess of the sum of the first two triangles over the 
third be equal to the area D. 

Then D is either less than the sum of the segments ALEC, 
CFB, or not less. 

I. Let D be not less than the sum of the segments referred 
to. 

We have now two surfaces 

(1) that consisting of the portion OAC of the surface 
of the cone together with the segment AEC, and 

(2) the triangle OAC; 
and, since the two surfaces have the same extremities (the 
perimeter of the triangle OAC), the former surface is greater 
than the latter, which is included by it [Asswmptions, 3 or 4]. 
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Hence (surface OAEC)+ (segment AEC) >A OAC. 
Similarly (surface OCFB) + (segment CFB) > A OBC. 


Therefore, since D is not less than the sum of the segments, 
we have, by addition, 


(surface OAECFB)+D>AO0AC+A0BC 
>A OAB+D, by hypothesis. 


Taking away the common part D, we have the required 
result. 


II. Let D be less than the sum of the segments AKC, 
CFB. 


If now we bisect the arcs AC, CB, then bisect the halves, 
and so on, we shall ultimately leave segments which are 
together less than D. [Prop. 6] 


Let AGH, EHC, CKF, FLB be those segments, and join 
OE, OF. 


Then, as before, 

(surface OAGF) + (segment AGH) >A OAE 
and (surface OF HC) + (segment LHC) >A OEC. 
Therefore (surface OAGHC) + (segments AGE, EHC) 

>AOAE+A0EC 
> AOAC, a fortiori. 


Similarly for the part of the surface of the cone bounded by 
OC, OB and the arc CFB. 


Hence, by addition, 
(surface VAGHHCKFLB)+ (segments AGE, EHC, CKF, FLB) 
>AO0AC+ AOBC 
> AOAB + D, by hypothesis. 


But the sum of the segments is less than D, and the re- 
quired result follows. 
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Proposition 10. 


If in the plane of the circular base of an isosceles cone two 
tangents be drawn to the curcle meeting in a point, and the points 
of contact and the point of concourse of the tangents be respectively 
jowed to the apex of the cone, the sum of the two triangles 
formed by the joining lines and the two tangents are together 

_ greater than the included portion of the surface of the cone. 


Let ABC be the circular base of the cone, O its apex, AD, 
BD the two tangents to the circle meeting in D. Join OA, 
OB, OD. 

Let HCF be drawn touching the circle at C, the middle 
point of the arc ACB, and therefore parallel to AB. Join 
OE, OF. 


Then °-" ED+DF> EF, 
and, adding AZ + FB to each side, 
AD+DB>AE+ EF + FB. 


Now OA, OC, OB, being generators of the cone, are equal, 
and they are respectively perpendicular to the tangents at A, 
C, B. 


é 


2) 
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It follows that 
AOAD+ AODB>AOAE +A OEF+A OFB. 


Let the area G be equal to the excess of the first sum over 
the second. 


G is then either less, or not less, than the sum of the spaces 
EAHC, FCKB remaining between the circle and the tangents, 
which sum we will call L. 


I. Let G be not less than Z. 
We have now two surfaces 


(1) that of the pyramid with apex O and base AEFB, 
excluding the face OAB, 


(2) that consisting of the part OACB of the surface of the 
cone together with the segment ACB. 


These two surfaces have the same extremities, viz. the 
perimeter of the triangle OAB, and, since the former includes 
the latter, the former is the greater [Assumptions, 4]. 


That is, the surface of the pyramid exclusive of the face 
OAB is greater than the sum of the surface OACB and the 
segment ACB. 


Taking away the segment from each sum, we havé 

A OAE+A OEF +A OFB+TL >the surface OAHCKB. 

And G is not less than L. 

It follows that 

AOAEH+A OEF+A OFB+G, 

which is by hypothesis equal to AOAD+A ODB, is greater 
than the same surface. 

II. Let G be less than L. 


If we bisect the arcs AC, CB and draw tangents at their 
middle points, then bisect the halves and draw tangents, and 
so on, we shall lastly arrive at a polygon such that the sum 
of the parts remaining between the sides of the polygon and 
the circumference of the segment is less than G. 
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Let the remainders be those between the segment and the 
polygon APQRSB, and let their sum be M. Join OP, 0Q, 
ete. 


Then, as before, 
AOAE+A0EF+A OFB>AOAP+A0PQ+...+A OSB. 

Also, as before, 

(surface of pyramid OAPQRSB excluding the face OAB) 
>the part OACB of the surface of the 

cone together with the segment ACB. 
Taking away the segment from each sum, 
A OAP+ AOPQ+...+M> the part OACB of the 


surface of the cone. 
Hence, a fortiori, 


AOAE+ AOEF+ A OFB+G, 
which is by hypothesis equal to 
AOAD+A ODB, 
is greater than the part OACB of the surface of the cone. 


Proposition 11. 


If a plane parallel to the axis of a right cylinder cut the 
cylinder, the part of the surface of the cylinder cut off by the 
plane is greater than the area of the parallelogram in which the 
plane cuts rt. 


Proposition 12. 


If at the extremities of two generators of any right cylinder 
tangents be drawn to the circular bases in the planes of those 
bases respectively, and if the pairs of tangents meet, the 
parallelograms formed by each generator and the two corre- 
sponding tangents respectively are together greater than the 
included portion of the surface of the cylinder between the two 
generators. 

[The proofs of these two propositions follow exactly the 
methods of Props. 9, 10 respectively, and it is therefore un- 
necessary to reproduce them.] 
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“From the properties thus proved it is clear (1) that, of a 
pyramid be inscribed in an isosceles cone, the surface of the 
pyramid excluding the base is less than the surface of the cone 
[excluding the base], and (2) that, if a pyramid be circumscribed 
about an isosceles cone, the surface of the pyramid excluding the 
base is greater than the surface of the cone excluding the base. 


“Tt is also clear from what has been proved both (1) that, 
if a prism be inscribed in a right cylinder, the surface of the 
prism made up of its parallelograms [i.e. excluding tts bases] is 
less than the surface of the cylinder excluding its bases, and 
(2) that, if a prism be circumscribed about a right cylinder, the 
surface of the prism made up of its parallelograms 1s greater 
than the surface of the cylinder excluding its bases.” 


Proposition 13. 


The surface of any right cylinder excluding the bases is equal 
to a circle whose radius 1s a mean proportional between the side 
[1.e. a generator] of the cylinder and the diameter of its base. 


Let the base of the cylinder be the circle A, and make CD 
equal to the diameter of this circle, and HF equal to the height 
of the cylinder. 


[6 


ON THE SPHERE AND CYLINDER I. 17 


Let H be a mean proportional between CD, EF, and B 
a circle with radius equal to H. 


Then the circle B shall be equal to the surface of the 
cylinder (excluding the bases), which we will call S. 


For, if not, B must be either greater or less than S. 


I. Suppose B<S. 

Then it is possible to circumscribe a regular polygon about 
B, and to inscribe another in it, such that the ratio of the 
former to the latter is less than the ratio S : B. 

Suppose this done, and circumscribe about A a polygon 
similar to that described about B; then erect on the polygon 
about A a prism of the same height as the cylinder. The 
prism will therefore be circumscribed to the cylinder. 

Let KD, perpendicular to CD, and FL, perpendicular to 
EF, be each equal to the perimeter of the polygon about A. 
Bisect CD in M, and join MK. 

Then A KDM =the polygon about A. 

Also 7 EL =surface of prism (excluding bases). 

Produce FE to N so that FE = EN, and join VL. 


Now the polygoris about A, B, being similar, are in the 
duplicate ratio of the radii of A, B. 


Thus 

A KDM : (polygon about B) = MD’: H” 
SU) De ONE eat ol 
=MD: NF 


=A KDM: ALFN 
(since DK = FL). 
Therefore (polygon about B)=A LFN 
=O EL 
= (surface of prism about A), 
from above. 


But (polygon about B) : (polygon in B)< S: B. 
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Therefore 
(surface of prism about A): (polygon in B)<S : B, 
and, alternately, 
(surface of prism about A): S<(polygon in B): B; 


which is impossible, since the surface of the prism is greater 
than S, while the polygon inscribed in B is less than B. 


Therefore B¢S8. 


II. Suppose B>S. 
Let a regular polygon be circumscribed about B and another 
inscribed in it so that 
(polygon about B): (polygon in B)< B:S. 
Inscribe in A a polygon similar to that inscribed in B, and 


erect a prism on the polygon inscribed in A of the same height 
as the cylinder. 


Again, let DK, FL, drawn as before, be each equal to the 
perimeter of the polygon inscribed in A. 
Then, in this case, 
A KDM > (polygon inscribed in A) 
(since the perpendicular from the centre on a side of the 
polygon is less than the radius of A). 
Also ALFN = EL =surface of prism (excluding bases). 
Now 
(polygon in A) : (polygon in B)= MD’ : H’, 
= AKDM: ALFN, as before. 
And A KDM > (polygon in A). 
Therefore 
A LFN, or (surface of prism) > (polygon in B). 
But this is impossible, because 
(polygon about B) : (polygon in B)< B: S, 
< (polygon about B): S, a fortiori, 
so that (polygon in B) > 8, 
> (surface of prism), a fortiori. 
Hence B is neither greater nor less than S, and therefore 


B=¥. 
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Proposition 14. 


The surface of any isosceles cone excluding the base is equal 
to a circle whose radius is a mean proportional between the side 
of the cone [a generator] and the radius of the circle which is the 
base of the cone. 

Let the circle A’be the base of the cone; draw C equal to 
the radius of the circle, and D equal to the side of the cone, and 
let LE’ be a mean proportional between C, D. 


D 


Draw a circle B with radius equal to £. 

Then shall B be équal to the surface of the cone (excluding 
the base), which we will call S. 

If not, B must be either greater or less than VS. 


I. Suppose B< 8. 
Let a regular polygon be described about B and a similar 
one inscribed in it such that the former has to the latter a ratio 


less than the ratio S: B. 
Describe about A another similar polygon, and on it set up 
a pyramid with apex the same as that of the cone. 
Then (polygon about A) : (polygon about B) 
NO dl Os 
=e 
= (polygon about A) : (surface of pyramid excluding base). 


20 ARCHIMEDES 


Therefore 
(surface of pyramid) = (polygon about 8B). 
Now (polygon about B) : (polygon in B)<S: B. 
Therefore 
(surface of pyramid) : (polygon in B) <S: B, 


which is impossible, (because the surface of the pyramid is 
greater than S, while the polygon in B is less than B). 


Hence Be¢s. 
II. Suppose B> 8. 


Take regular polygons circumscribed and inscribed to B such 
that the ratio of the former to the latter is less than the ratio 
Bos: 


Inscribe in A a similar polygon to that inscribed in B, and 
erect a pyramid on the polygon inscribed in A with apex the 
same as that of the cone. 


In this case 
(polygon in A): (polygon in B) = C®: E” 
aCe D 
> (polygon in A) : (surface of pyramid excluding base). 


This is clear because the ratio of C to D is greater than the 
ratio of the perpendicular from the centre of A on a side of the 


polygon to the perpendicular from the apex of the cone on the 
same side*, 


Therefore 
(surface of pyramid) > (polygon in B). 
But (polygon about B) : (polygon in B)< B: 8. 
Therefore, a fortiort, 
(polygon about B) : (surface of pyramid) < B: 8; 
which is impossible. 
Since therefore B is neither greater nor less than S, 


B= 8, 


* This is of course the geometrical equivalent of saying that, if a, 8 be two 
angles each less than a right angle, and a>, then sin a>sin B. 
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Proposition 15. 


The surface of any isosceles cone has the same ratio to its 
base as the side of the cone has to the radius of the base. 


By Prop. 14, the surface of the cone is equal to a circle 


whose radius is a mean proportional between the side of the 
cone and the radius of the base. 


Hence, since circles are to one another as the squares of 
their radii, the proposition follows. 


Proposition 16. 


If an isosceles cone be cut by a plane parallel to the base, the 
portion of the surface of the cone between the parallel planes is 
equal to a circle whose radius is a mean proportional between (1) 
the portion of the side of the cone intercepted by the parallel 
planes and (2) the line which is equal to the sum of the radir of 
the circles in the parallel planes. 


Let OAB be a triangle through the axis of a cone, DE its 
intersection with the plane cutting off the 
frustum, and OFC the axis of the cone. 2 


Then the surface of the cone OAB is 
equal to a circle whose radius is equal to 
VOA. AC. [Prop. 14.] 

Similarly the surface of the coneODE e 
is equal to a circle whose radius is equal 


to VOD. DF. 


And the surface of the frustum is 
equal to the difference between the two circles. 


A Cc B 


Now 
OA. AC—OD.DF=DA.AC+ 0D. AC— OD. DF. 
But OD.AC=O0A.DF, 


since OA: AC=OD: DF. 


22 ARCHIMEDES 


Hence 0A. AC-—OD.DF=DA.AC+DA.DF 
=DA.(AC + DF). 
And, since circles are to one another as the squares of their 
radii, it follows that the difference between the circles whose 
radii are VOA.AC, VOD. DF respectively is equal to a circle 
whose radius is VDA .(AC + DF). 


Therefore the surface of the frustum is equal to this circle. 


Lemmas. 


“1, Cones having equal height have the same ratio as their 
bases; and those having equal bases have the same ratio as their 
heights*. 


2. Ifa cylinder be cut by a plane parallel to the base, then, 
as the cylinder is to the cylinder, so is the axis to the amis F. 


3. The cones which have the same bases as the cylinders [and 
equal height] are in the same ratio as the cylinders. 


4. Also the bases of equal cones are reciprocally proportional 
to their heights; and those cones whose bases are reciprocally 
proportional to their heights are equal t. 


5. Also the cones, the diameters of whose bases have the same 
ratio as their axes, are to one another in the triplicate ratio of the 
diameters of the bases §. 


And all these propositions have been proved by earlier 
geometers.” 


* Euclid xu. 11. ‘Cones and cylinders of equal height are to one another 
as their bases.” 

Euclid x11. 14. ‘Cones and cylinders on equal bases are to one another as 
their heights.” 

+ Euclid x11. 13. ‘Ifa cylinder be cut by a plane parallel to the opposite 
planes [the bases], then, as the cylinder is to the cylinder, so will the axis be 
to the axis.” 

} Euclid x11. 15. ‘The bases of equal cones and cylinders are reciprocally 
proportional to their heights; and those cones and cylinders whose bases are 
reciprocally proportional to their heights are equal.” 

§ Euclid x11. 12. ‘Similar cones and cylinders are to one another in the 
triplicate ratio of the diameters of their bases.” 
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Proposition 17. 


If there be two isosceles cones, and the surface of one cone be 
equal to the base of the other, while the perpendicular from the 
centre of the base [of the first cone] on the side of that cone is 
equal to the height [of the second], the cones will be equal. 


. Let OAB, DEF be triangles through the axes of two cones 
respectively, C, G the centres of the respective bases, GH the 


A 


B 


perpendicular from G on FD; and suppose that the base of the 
cone OAB is equal to the surface of the cone DEF, and 
that OC = GH. é 


Then, since the base of OAB is equal to the surface of 
DEF, 
(base of cone OAB) : (base of cone DEF) 
=(surface of DEF) : (base of DEF) 


= DF: FG [Prop. 15] 
= DG : GH, by similar triangles, 
=DG : OC. 


Therefore the bases of the cones are reciprocally propor- 
tional to their heights; whence the cones are equal. [Lemma 


4.] 
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Proposition 18. 


Any solid rhombus consisting of isosceles cones 1s equal to 
the cone which has its base equal to the surface of one of the 
cones composing the rhombus and its height equal to the perpen- 
dicular drawn from the apex of the second cone to one side of 
the first cone. 


Let the rhombus be OABD consisting of two cones with 
apices O, D and with a common base (the circle about AB as 
diameter). 


H G K 


D M 
7, 
E 
N 


Let FHK be another cone with base equal to the surface of 
the cone OAB and height FG equal to DE, the perpendicular 
from D on OB. 

Then shall the cone FHK be equal to the rhombus. 


Construct a third cone ZMN with base (the circle about 
MN) equal to the base of OAB and height LP equal to OD. 


Then, since P= OD; 
EP = CD=0D 7ED. 
But [Lemma 1] OD: CD=(rhombus OADB): (cone DAB), 
and LP: CD =(cone LMN): (cone DAB). 
It follows that 
(rhombus OA DB) =(cone DMI )..........0..0c0ce0ee (1). 
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Again, since AB= MN, and 
(surface of OA B) = (base of FHR), 
(base of FH K) : (base of LMN) 
= (surface of OAB): (base of OAB) 
03 BC. [Prop. 15] 
= OD: DE, by similar triangles, 
= LP: FG, by hypothesis. 
Thus, in the cones FHK, LMN, the bases are reciprocally 
proportional to the heights. 
Therefore the cones FHK, LMN are equal, 


and hence, by (1), the cone FHK is equal to the given 
solid rhombus. 


Proposition 19. 


If an isosceles cone be cut by a plane parallel to the base, 
and on the resulting circular section a cone be described having 
as its apex the centre of the base [of the first cone], and if the 
rhombus so formed be taken away from the whole cone, the part 
remaining will be equal to the cone with base equal to the surface 
of the portion of the first cone between the parallel planes and 
with height equal to the perpendicular drawn from the centre of 
the base of the first cone on one side of that cone. 

Let the cone OAB be cut by a plane parallel to the base in 
the circle on DE as diameter. Let C be the centre of the base 
of the cone, and with C as apex and the circle about DE as base 
describe a cone, making with the cone ODE the rhombus 
ODCE. 

Take a cone FGA with base equal to the surface of the 
frustum DABE and height equal to the perpendicular (CK) 
from C on AO. 

Then shall the cone FGH be equal to the difference between 
the cone OAB and the rhombus ODCE. 


Take (1) a cone ZMN with base equal to the surface of the 
cone OAB, and height equal to CK, 
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(2) a cone PQR with base equal to the surface of the cone 
ODE and height equal to CK. 


° 
FE 
K 
A c B 
L P 

; oe . bai 

Now, since the surface of the cone OAB is equal to the 
surface of the cone ODE together with that of the frustum 
DABE, we have, by the construction, 

(base of LMN) = (base of FGH) + (base of PQR) 
and, since the heights of the three cones are equal, 
(cone LMN)=(cone FGH) + (cone PQR). 
But the cone LMW is equal to the cone OAB [Prop. 17], 


and the cone PQR is equal to the rhombus ODCE [Prop. 18]. 


Therefore (cone 0A B)=(cone FGH) + (rhombus ODCE), 
and the proposition is proved. 


Proposition 20. 


If one of the two wsosceles cones forming a rhombus be cut 
by a plane parallel to the base and on the resulting circular 
section a cone be described having the same apex as the second 
cone, and wf the resulting rhombus be taken from the whole 
rhombus, the remainder will be equal to the cone with base equal 
to the surface of the portion of the cone between the parallel 
planes and with height equal to the perpendicular drawn from 
the apex of the second* cone to the side of the first cone. 


* There is a slight error in Heiberg’s translation ‘“prioris coni” and in the 
corresponding note, p. 93. The perpendicular is not drawn from the apex of 
the cone which is cut by the plane but from the apex of the other. 
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Let the rhombus be OACB, and let the cone OAB be cut 
by a plane parallel to its base in the circle about DE as diameter. 
With this circle as base and C as apex describe a cone, which 
therefore with ODE forms the rhombus ODCE. 


F 
P 
H 
L 
Q R 
—— ss 
N 


Take a cone FGH with base equal to the surface of the 
frustum DABE and height equal to the perpendicular (CK) 
from C on OA. 

The cone /GH shall be equal to the difference between the 
rhombi OACB, ODCE. 

For take (1) a coné ZLMWN with base equal to the surface of 
OAB and height equal to CK, 

(2) a cone PQR, with base equal to the surface of ODE, 
and height equal to CK. 

Then, since the surface of OAB is equal to the surface of 
ODE together with that of the frustum DABE, we have, by 
construction, 

(base of LMN) = (base of POR) + (base of FGH), 
and the three cones are of equal height ; 
therefore (cone LMN)=(cone PQR)+ (cone FGH). 

But the cone LMN is equal to the rhombus OACB, and the 
cone PQR is equal to the rhombus ODCE [Prop. 18]. 

Hence the cone FGH is equal to the difference between the 
two rhombi OACB, ODCE. 
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Proposition 21. 


A regular polygon of an even number of sides being inscribed 
in a circle, as ABC...A’...C’B’A, so that AA’ is a diameter, 
if two angular points next but one to each other, as B, B’, be 
joined, and the other lines parallel to BB' and joining pairs 
of angular points be drawn, as CO’, DD’..., then 


(BB'+C00'+...): AA’=A’B: BA. 
Let BB. CC. DD’... meets AA’ in FG, H...-? and let 
CB’, DC’... be joined meeting AA’ in K, L,... respectively. 


Then clearly CB’, DC’,... are parallel to one another and to 
AB. 


Hence, by similar triangles, 


BREA = BPR 


Se eeecoeoecee 
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and, summing the antecedents and consequents respectively, we 
have 
(BB’+CC'+...): AA’=BF: FA 
= A’B: BA. 


Proposition 22. 


If a polygon be inscribed in a segment of a circle LAL’ so 
that all its sides excluding the base are equal and their number 
even,as LK...A...K'L’, A being the middle point of the segment, 
and uf the lines BB’, CC’,... parallel to the base LL’ and joining 
patrs of angular points be drawn, then 


(BB’+CC' +...+LM): AM=A'B: BA, 


where M is the middle point of LL’ and AA’ is the diameter 
through M. 


Joining OB’, DC’,...LK’, as in the last proposition, and 
supposing that they meet AWM in P, Q,...R, while BB’, CC’,..., 
KK’ meet AM in F, G,... H, we have, by similar triangles, 

BF: FA=B'F: FP 
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and, summing the antecedents and consequents, we obtain 
(BB’+C0'+...+LM):AM=BF: FA 
=A’B: BA. 


Proposition 23. 


Take a great circle ABC... of a sphere, and inscribe in it 
a regular polygon whose sides are a multiple of four in number. 
Let AA’, MM’ be diameters at right angles and joining 
opposite angular points of the polygon. 


Then, if the polygon and great circle revolve together about 
the diameter AA’, the angular points of the polygon, except A, 
A’, will describe circles on the surface of the sphere at right 
angles to the diameter AA’. Also the sides of the polygon 
will describe portions of conical surfaces, e.g. BC will describe 
a surface forming part of a cone whose base is a circle about 
CC’ as diameter and whose apex is the point in which CB, 
C’B’ produced meet each other and the diameter AA’. 


Comparing the hemisphere MAM’ and that half of the 
figure described by the revolution of the polygon which is 
included in the hemisphere, we see that the surface of the 
hemisphere and the surface of the inscribed figure have the 
same boundaries in one plane (viz. the circle on MM’ as 
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diameter), the former surface entirely includes the latter, and 
they are both concave in the same direction. 

Therefore [Asswmptions, 4] the surface of the hemisphere 
is greater than that of the inscribed figure; and the same is 
true of the other halves of the figures. 

Hence the surface of the sphere ws greater than the surface 
described by the revolution of the polygon inscribed in the great 
circle about the diameter of the great circle. 


Proposition 24. 


If a regular polygon AB...A’...B’A, the number of whose 
sides is a multiple of four, be inscribed in a great circle of a 
sphere, and if BB’ subtending two sides be joined, and all the 
other lines parallel to BB’ and jowmng pairs of angular points 
be drawn, then the surface of the figure inscribed in the sphere 
by the revolution of the polygon about the diameter AA’ is equal 
to a circle the square of whose radius is equal to the rectangle 

BA (BB' + CC’ +...). 

The surface of the figure is made up of the surfaces of parts 

of different cones. 


Now the surface of the cone ABB’ is equal to a circle whose 


radius is VBA .4.BB’. [Prop. 14] 
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(Sv) 
bo 


The surface of the frustum BB’O’C is equal to a circle of 
radius VBC. 4(BB’ + CO’), [Prop. 16] 
and so on. 

It follows, since BA = BC=..., that the whole surface is 
equal to a circle whose radius is equal to 


VBA (BB'+ CO’ +...+MM’'+...+ YY’). 


Proposition 25. 


The surface of the figure inscribed in a sphere as in the last 
propositions, consisting of portions of conical surfaces, is less than 
Jour times the greatest circle in the sphere. 

Let AB...A’...B'A be a regular polygon inscribed in a 
great circle, the number of its sides being a multiple of four. 


Mit 


As before, let BB’ be drawn subtending two sides, and 
CC’"...Y¥* parallel to BB’. 
Let & be a circle such that the square of its radius is equal 


to 
AB(BB'+ CO" +...4+ ays 


so that the surface of the figure inscribed in the sphere is equal 
to R. [Prop. 24] 
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Now 
(BBP COE oP YY"): AA = AB AB, (Prop. 21] 
whence AB(BB’+CC’+...4 YY)=AA’.A’'B. 
Hence (radius of R)’= AA’. A’B 
AeA 


Therefore the surface of the inscribed figure, or the circle R, 
_ is less than four times the circle AMA’M’. 


Proposition 26. 


The figure inscribed as above in a sphere is equal [in volume] 
to a cone whose base is a circle equal to the surface of the figure 
anscribed in the sphere and whose height ts equal to the 
perpendicular drawn from the centre of the sphere to one side of 
the polygon. 

Suppose, as before, that AB...A’...B’A is the regular 
polygon inscribed in a great circle, and let BB’, CC’,... be 
joined. 


With apex O construct cones whose bases are the circles 
on BB’, CO’,... as diameters in planes perpendicular to 44’. 
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Then OBAB’ is a solid rhombus, and its volume is equal to 
a cone whose base is equal to the surface of the cone ABB’ and 
whose height is equal to the perpendicular from O on AB 
[Prop. 18]. Let the length of the perpendicular be p. 


Again, if CB, C’B’ produced meet in T, the portion of the 
solid figure which is described by the revolution of the triangle 
BOC about AA’ is equal to the difference between the rhombi 
OCTC' and OBTB’, i.e. to a cone whose base is equal to the 
surface of the frustum BB’C’C and whose height is p [Prop. 20]. 


Proceeding in this manner, and adding, we prove that, since 
cones of equal height are to one another as their bases, the 
volume of the solid of revolution is equal to a cone with height 
p and base equal to the sum of the surfaces of the cone BAB’, 
the frustum BB’C'C, etc.,1.e. a cone with height p and base 
equal to the surface of the solid. 


Proposition 27. 


The figure inscribed in the sphere as before is less than 
four times the cone whose base is equal to a great circle of 
the sphere and whose height is equal to the radius of the 
sphere. 


By Prop. 26 the volume of the solid figure is equal to a cone 
whose base is equal to the surface of the solid and whose height 
is p, the perpendicular from O on any side of the polygon. Let 
R be such a cone. 


Take also a cone S with base equal to the great circle, and 
height equal to the radius, of the sphere. 


Now, since the surface of the inscribed solid is less than four 
times the great circle [Prop. 25], the base of the cone RB is less 
than four times the base of the cone S. 

Also the height (p) of RB is less than the height of S. 


Therefore the volume of £ is less than four times that of S; 
and the proposition is proved. 
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Proposition 28. 


Let a regular polygon, whose sides are a multiple of four in 
number, be circumscribed about a great circle of a given 
sphere, as AB...A’...B’'A; and about the polygon describe 
another circle, which will therefore have the same centre as the 
great circle of the sphere. Let AA’ bisect the polygon and 

-cut the sphere in a, a’. 


If the great circle and the circumscribed polygon revolve 
together about AA’, the great circle will describe the surface 
of a sphere, the angular points of the polygon except A, A’ will 
move round the surface of a larger sphere, the points of contact 
of the sides of the polygon with the great circle of the inner 
sphere will describe circles on that sphere in planes perpen- 
dicular to AA’, and the sides of the polygon themselves will 
describe portions of conical surfaces. The circumscribed figure 
will thus be greater than the sphere ttself. 

Let any side, as BM, touch the inner circle in K, and let K’ 
be the point of contact of the circle with B’M’. 


Then the circle described by the revolution of KK’ about 
AA’ is the boundary in one plane of two surfaces 

(1) the surface formed by the revolution of the circular 
segment Kak’, and 
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(2) the surface formed by the revolution of the part 
KB...A...B’K' of the polygon. 

Now the second surface entirely includes the be and they 
are both concave in the same direction ; 

therefore [Assumptions, 4] the second surface is greater 
than the first. 

The same is true of the portion of the surface on the opposite 
side of the circle on KK’ as diameter. 

Hence, adding, we see that the surface of the figure 
circumscribed to the given sphere is greater than that of the 
sphere itself. 


Proposition 29. 


In a figure circumscribed to a sphere in the manner shown 
in the previous proposition the surface 1s equal to a circle the 
square on whose radius is equal to AB(BB’ + CC’ +...). 

For the figure circumscribed to the sphere is inscribed in a 
larger sphere, and the proof of Prop. 24 applies. 


Proposition SO. 


The surface of a figure circumscribed as before about a sphere 
as greater than four tumes the great circle of the sphere. 
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Let AB...A’...B'A be the regular polygon of 4n sides 
which by its revolution about AA’ describes the figure circum- 
scribing the sphere of which ama’m’ is a great circle. Suppose 
aa’, AA’ to be in one straight line. 

Let £& be a circle equal to the surface of the circumscribed 
solid, 

Now (BB’+CC’+...): AA'=A'B: BA, [asin Prop. 21] 

"so that AB (BB'+C0'+...)=AA’. A’B. 

Hence (radius of R)=V AA’. A'B [Prop. 29] 

>A’B. 

But A’B = 20P, where P is the point in which AB touches 
the circle ama'm’. 

Therefore (radius of R) > (diameter of circle ama'm’); 
whence &, and therefore the surface of the circumscribed solid, 
is greater than four times the great circle of the given sphere. 


Proposition 31. 


The solid of revolution circumscribed as before about a sphere 
as equal to a cone whose base is equal to the surface of the solid 
and whose height 1s equal to the radius of the sphere. 

The solid is, as before, a solid inscribed in a larger sphere ; 
and, since the perpendicular on any side of the revolving polygon 
is equal to the radius of the inner sphere, the proposition is 
identical with Prop. 26. 

Cor. The solid circumscribed about the smaller sphere ws 
greater than four times the cone whose base is a great circle 
of the sphere and whose height is equal to the radius of the 
sphere. 

For, since the surface of the solid is greater than four times 
the great circle of the inner sphere [Prop. 30], the cone whose 
base is equal to the surface of the solid and whose height is the 
radius of the sphere is greater than four times the cone of 
the same height which has the great circle for base. [Lemma 1.] 

Hence, by the proposition, the volume of the solid is greater 
than four times the latter cone. 
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Proposition 32. 


If a regular polygon with 4n sides be inscribed in a great 
circle of a sphere, as ab...a’...b’a, and a similar polygon 
AB...A’...B’A be described about the great circle, and of the 
polygons revolve with the great circle about the diameters aa’, 
AA’ respectively, so that they describe the surfaces of solid 
figures inscribed in and circumscribed to the sphere respectively, 
then 


(1) the surfaces of the circumscribed and inscribed figures 
are to one another in the duplicate ratio of their sides, and 


(2) the figures themselves [t.e. their volumes] are in the 
triplicate ratio of their sides. 


(1) Let AA’, aa’ be in the same straight line, and let 
MmOm'M’ be a diameter at right angles to them. 


Join BB’, CC’,... and bb’, cc’,... which will all be parallel 
to one another and MM’. 


Suppose R&, S to be circles such that 
R =(surface of circumscribed solid), 


S =(surface of inscribed solid). 
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Then (radius of R)’ = AB(BB’+C0’+...) [Prop. 29] 

(radius of S)’ = ab (bb’ + cc’ + ...). [Prop. 24] 

And, since the polygons are similar, the rectangles in these 
two equations are similar, and are therefore in the ratio of 


AB? : ab’. 
Hence 
(surface of circumscribed solid) : (surface of inscribed solid) 
=A Blab" 


(2) Take a cone V whose base is the circle R and whose 
height is equal to Oa, and a cone W whose base is the circle S 
and whose height is equal to the perpendicular from O on ab, 
which we will call p. 


Then V, W are respectively equal to the volumes of the 
circumscribed and inscribed figures. [Props. 31, 26] 


Now, since the polygons are similar, 
AB:ab=Oa:p 
= (height of cone V) : (height of cone W); 


and, as shown above, the bases of the cones (the circles. R, 8) 
are in the ratio of AB? to ab’. 


Therefore V:W=AB?: abi. 


Proposition 33. 


The surface of any sphere is equal to four tumes the greatest 
circle in rt. 
Let C be a circle equal to four times the great circle. 


Then, if C is not equal to the surface of the sphere, it must 
either be less or greater. 


I. Suppose C less than the surface of the sphere. 
It is then possible to find two lines £, y, of which 8 is the 
greater, such that 
B : y< (surface of sphere) : C. [Prop. 2] 
Take such lines, and let 6 be a mean proportional between 
them. 
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Suppose similar regular polygons with 4n sides circum- 
scribed about and inscribed in a great circle such that the ratio 
of their sides is less than the ratio 8 : 6. [Prop. 3] 


Let the polygons with the circle revolve together about 
a diameter common to all, describing solids of revolution as 
before. 


Then (surface of outer solid) : (surface of inner solid) 
= (side of outer)’: (side of inner)’ [Prop. 32] 
<6 :o, or Bi 
< (surface of sphere) : C, a fortiore. 


But this is impossible, since the surface of the circum- 
scribed solid is greater than that of the sphere [Prop. 28], while 
the surface of the inscribed solid is less than C [Prop. 25]. 


Therefore C is not less than the surface of the sphere. 


II. Suppose C greater than the surface of the sphere. 
Take lines £, y, of which 8 is the greater, such that 
B:y<C: (surface of sphere). 
Circumscribe and inscribe to the great circle similar regular 
polygons, as before, such that their sides are in a ratio less than 


that of 8 to 5, and suppose solids of revolution generated in the 
usual manner. 
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Then, in this case, 

(surface of circumscribed solid) : (surface of inscribed solid) 
< C: (surface of sphere). 

But this is impossible, because the surface of the circum- 
scribed solid is greater than C [Prop. 30], while the surface of 
the inscribed solid is less than that of the sphere [Prop. 23]. 

Thus C is not greater than the surface of the sphere. 

Therefore, since it is neither greater nor less, U is equal to 
the surface of the sphere. 


Proposition 34. 


Any sphere vs equal to four times the cone which has its base 
equal to the greatest circle im the sphere and its height equal 
to the radius of the sphere. 

Let the sphere be that of which ama’m’ is a great circle. 


If now the sphere is not equal to four times the cone 
described, it is either greater or less. 


I. If possible, let the sphere be greater than four times the 
cone. é 

Suppose V to be a cone whose base is equal to four times 
the great circle and whose height is equal to the radius of the 
sphere. 

Then, by hypothesis, the sphere is greater than V; and two 
lines 8, y can be found (of which 8 is the greater) such that 

8 :y<(volume of sphere) : V. 

Between 8 and y¥ place two arithmetic means 6, e. 

As before, let similar regular polygons with sides 4n in 
number be circumscribed about and inscribed in the great 
circle, such that their sides are in a ratio less than B: 6. 

Imagine the diameter aa’ of the circle to be in the same 


straight line with a diameter of both polygons, and imagine 
the latter to revolve with the circle about aa’, describing the 
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surfaces of two solids of revolution. The volumes of these solids 
are therefore in the triplicate ratio of their sides. —_ [ Prop. 32] 


Thus (vol. of outer solid) : (vol. of inscribed solid) 
< B°: &, by hypothesis, 
<B:¥, a fortiori (since B :y>B° : 8°)*, 
< (volume of sphere) : V, a fortiore. 


But this is impossible, since the volume of the circumscribed 


* That 6B: y>6*:6 is assumed by Archimedes, 
property in his commentary as follows. 
Take x such that BiO= Ons 


Eutocius proves the 


4 bf 
Thus B-6:B=5-2:5 
and, since B>6, B-6d>6--c. 
But, by hypothesis, B-6=6-e. 
Therefore 6-e>6-2, 
or @r>e€. 
Again, suppose Seay, 


and, as before, we have 

so that, a fortiori, 6 
Therefore 

and, since t>e, y>y¥. 


Now, by hypothesis, 8, 6, x, y are in continued proportion ; 
therefore (533 GEA SIC} By 


=i :\47. 
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solid is greater than that of the sphere [Prop. 28], while the 
volume of the inscribed solid is less than V [Prop. 27]. 


Hence the sphere is not greater than V, or four times the 
cone described in the enunciation. 


II. If possible, let the sphere be less than V. 
In this case we take 8, y (@ being the greater) such that 
B:y< V:(volume of sphere). 


The rest of the construction and proof proceeding as before, 
we have finally 


(volume of outer solid) : (volume of inscribed solid) 
< V: (volume of sphere). 


But this is impossible, because the volume of the outer 
solid is greater than V [Prop. 31, Cor.], and the volume of the 
inscribed solid is less than the volume of the sphere. 


Hence the sphere is not less than V. 
Since then the sphere is neither less nor greater than J, it 


is equal to V, or to four times the cone described in the enun- 
ciation. 


Cor. From what has been proved it follows that every 
cylinder whose base 1s the greatest circle in a sphere and whose 
height is equal to the diameter of the sphere is % of the sphere, 
and tts surface together with its bases is 3 of the surface of the 
sphere. 

For the cylinder is three times the cone with the same 
base and height [Eucl. xu. 10], i.e. six times the cone with 
the same base and with height equal to the radius of the 
sphere. 

But the sphere is four times the latter cone [Prop. 34]. 
Therefore the cylinder is 3 of the sphere. 

Again, the surface of a cylinder (excluding the bases) is 
equal to a circle whose radius is a mean proportional between 
the height of the cylinder and the diameter of its base 
[Prop. 13]. 
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In this case the height is equal to the diameter of the base 
and therefore the circle is that whose radius is the diameter of 
the sphere, or a circle equal to four times the great circle of 
the sphere. 


Therefore the surface of the cylinder with the bases is equal 
to six times the great circle. 


And the surface of the sphere is four times the great circle 
[Prop. 33]; whence 


(surface of cylinder with bases) = 3. (surface of sphere). 


Proposition 35. 


If in a segment of a circle LAL’ (where A is the middle 
pownt of the arc) a polygon LK...A...K'L’ be inscribed of which 
LL’ is one side, while the other sides are 2n in number and all 
equal, and if the polygon revolve with the segment about the 
diameter AM, generating a solid figure inscribed in a segment of 
a sphere, then the surface of the inscribed solid 1s equal to a 
circle the square on whose radius is equal to the rectangle 

AB(BB'+CO'+... + EK). 


The surface of the inscribed figure is made up of portions of 
surfaces of cones. 
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If we take these successively, the surface of the cone BAB’ 
is equal to a circle whose radius is 


VAB.4BB’. [Prop. 14] 
The surface of the frustum of a cone BCC’B’ is equal to 
a circle whose radius , 


BB’ eae ee 


fy cue 


Proceeding in this way and adding, we find, since circles 
are to one another as the squares of their radii, that the 
surface of the inscribed figure is equal to a circle whose radius 
is 


[Prop. 16] 


and so on. 


WES (semua mem econ 


Proposition 36. 


The surface of the figure inscribed as before in the segment 
of a sphere is less than that of the segment of the sphere. 

This is clear, because the circular base of the segment is a 
common boundary of*each of two surfaces, of which one, the 
segment, includes the other, the solid, while both are concave 
in the same direction [Asswmptions, 41]. 


Proposition 37. 


The surface of the solid figure inscribed in the segment of the 
sphere by the revolution of LK...A...K’L’ about AM 1s less than 


a circle with radius equal to AL. 

Let the diameter AM meet the circle of which LAL’ is a 
segment again in A’, Join A’B. 

As in Prop. 35, the surface of the inscribed solid is equal to 
a circle the square on whose radius is 


AB(BB’+CC'+...4+ KK’+ IM). 
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But this rectangle = ADAM Prop. 22] 


<A’A.AM 
< AL’. 


A 


Hence the surface of the inscribed solid is less than the 
circle whose radius is AZ. 


Proposition 38. 


The solid figure described as before in a segment of a sphere 
less than a hemisphere, together with the cone whose base is the 
base of the segment and whose apex is the centre of the sphere, 
ws equal to a cone whose base is equal to the surface of the 
inscribed solid and whose height 1s equal to the perpendicular 
Srom the centre of the sphere on any side of the polygon. 


Let O be the centre of the sphere, and p the length of the 
perpendicular from O on AB. 

Suppose cones described with O as apex, and with the 
circles on BB’, CC’,... as diameters as bases. 

Then the rhombus OBAB’ is equal to a cone whose base is 
equal to the surface of the cone BAB’, and whose height is p. 

[Prop. 18] 

Again, if CB, C’B’ meet in 7, the solid described by the 

triangle BOC as the polygon revolves about AO is the difference 
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between the rhombi OCTC’ and OBTB’, and is therefore equal 
to a cone whose base is equal to the surface of the frustum 
BCC’B' and whose height is p. [Prop. 20] 

Similarly for the part of the solid described by the triangle 
COD as the polygon revolves; and so on. 


° 


Hence, by addition, the solid figure inscribed in the segment 
together with the cone OLL’ is equal to a cone whose base is 
the surface of the inscribed solid and whose height is p. 


Cor. The cone whose base is a circle with radius equal to 
AL and whose height 1s equal to the radius of the sphere is 
greater than the sum of the inscribed solid and the cone OLL’. 

For, by the proposition, the inscribed solid together with 
the cone OLL’ is equal to a cone with base equal to the surface 
of the solid and with height p. 

This latter cone is less than a cone with height equal to OA 
and with base equal to the circle whose radius is AL, because 
the height p is less than OA, while the surface of the solid is 
less than a circle with radius AL. [Prop. 37] 


Proposition 39. 


Let lal’ be a segment of a great circle of a sphere, being less 
than a semicircle. Let O be the centre of the sphere, and join 
Ol, Ol’. Suppose a polygon circumscribed about the sector Olal’ 
such that its sides, excluding the two radii, are 2x in number 
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and all equal, as LK,... BA, AB’,... K’L’; and let OA be that 
radirs of the great circle which bisects the segment lal’. 

The circle circumscribing the polygon will then have the 
same centre O as the given great circle. 

Now suppose the polygon and the two circles to revolve 
together about OA. The two circles will describe spheres, the 


angular points except A will describe circles on the outer 
sphere, with diameters BB’ etc., the points of contact of the 
sides with the inner segment will describe circles on the inner 
sphere, the sides themselves will describe the surfaces of cones 
or frusta of cones, and the whole figure circumscribed to the 
segment of the inner sphere by the revolution of the equal 
sides of the polygon will have for its base the circle on LL’ 
as diameter. 


The surface of the solid figure so circumscribed about the 
sector of the sphere [excluding its base] will be greater than that 
of the segment of the sphere whose base is the circle on Il’ as 
diameter. 

For draw the tangents JT, l’T’ to the inner segment at J, 1’. 
These with the sides of the polygon will describe by their 
revolution a solid whose surface is greater than that of the 
segment [Assuwmptions, 4]. 

But the surface described by the revolution of I7' is less 
than that described by the revolution of LT, since the angle TIL 
is a right angle, and therefore LT >IT. 


Hence, a fortiori, the surface described by LK...A...K’L’ 
is greater than that of the segment. 
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Cor. The surface of the figure so described about the sector 
of the sphere is equal to a circle the square on whose radius 
as equal to the rectangle 

AB(BB’+0C'+...4+ KK’ +4L1L’). 

For the circumscribed figure is inscribed in the outer sphere, 

and the proof of Prop. 35 therefore applies. 


Proposition 40. 


The surface of the figure circumscribed to the sector as before 
is greater than a circle whose radius 1s equal to al. 

Let the diameter AaO meet the great circle and the circle 
circumscribing the revolving polygon again in a’, A’. Join 
A’B, and let ON be drawn to WN, the point of contact of AB 
with the inner circle. 


A’ 


Now, by Prop. 39, Cor., the surface of the solid figure 
circumscribed to the sector OJAI’ is equal to a circle the square 
on whose radius is equal to the rectangle 

=) 


AB ( BB’ +00’ +... + KK’ +5 
But this rectangle is equal to A’B. AWM [as in Prop. 22}. 


‘ 
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Next, since AL’, al’ are parallel, the triangles AML’, aml’ 
are similar. And AL’>al’; therefore AM>am. 


Also A’B =20N = aa’. 
Therefore A’B.AM>am.ad 
Sale. 


Hence the surface of the solid figure circumscribed to the 
sector is greater than a circle whose radius is equal to al’, or al. 


Cor. 1. The volume of the figure circumscribed about the 
sector together with the cone whose apex is O and base the circle 
on LL’ as diameter, is equal to the volume of a cone whose base 
is equal to the surface of the circumscribed figure and whose 
height is ON. 

For the figure is inscribed in the outer sphere which has the 
same centre as the inner. Hence the proof of Prop. 38 applies. 


Cor. 2. The volume of the corcumscribed figure with the cone 
OLL’ ts greater than the cone whose base is a circle with radius 
equal to al and whose height 1s equal to the radius (Oa) of the 
inner sphere. 


For the volume of the figure with the cone OLL’ is equal to 
a cone whose base is equal to the surface of the figure and 
whose height is equal to ON. 


And the surface of the figure is greater than a circle with 


radius equal to al [Prop. 40], while the heights Oa, ON are 
equal. 


Proposition 41. 


Let lal’ be a segment of a great circle of a sphere which is 
less than a semicircle. 


Suppose a polygon inscribed in the sector Olal’ such that 
the sides lk,... ba, ab’,... kl’ are 2n in number and all equal. 
Let a similar polygon be circumscribed about the sector so that 
its sides are parallel to those of the first polygon; and draw 
the circle circumscribing the outer polygon. 


Now let the polygons and circles revolve together about 
OaA, the radius bisecting the segment lal’. 
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Then (1) the surfaces of the outer and inner solids of revolution 
so described are in the ratio of AB? to ab®, and (2) their volumes 
together with the corresponding cones with the same base and 
with apec O in each case are as AB® to ab’. 


(1) For the surfaces are equal to circles the squares on 
whose radii are equal respectively to 


AB (BB’ +00’ +... +KK'+), 
[Prop. 39, Cor.] 
and ab (30 40! + oe +h + =) [Prop. 35] 


But these rectangles are in the ratio of AB’ to ab’. Therefore 
so are the surfaces. 

(2) Let OnN be drawn perpendicular to ab and AB; and 
suppose the circles which are equal to the surfaces of the outer 
and inner solids of revolution to be denoted by S, s respectively. 

Now the volume of the circumscribed solid together with 
the cone OLL’ is equal to a cone whose base is S and whose 
height is ON [Prop. 40, Cor. 1]. 

And the volume of the inscribed figure with the cone Oll’ is 
equal to a cone with base s and height On [Prop. 38]. 

But S:s=AB?: ab’, 
and ON : On=AB: ab. 

Therefore the volume of the circumscribed solid together with 
the cone OLL’ is to the volume of the inscribed solid together 
with the cone Oll’ as AB? is to ab’ [Lemma 5]. 
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Proposition 42. 


If lal’ be a segment of a sphere less than a hemisphere and 
Oa the radius perpendicular to the base of the segment, the 
surface of the segment is equal to a circle whose radius ts equal 
to al. 

Let R be a circle whose radius is equal to al. Then the 
surface of the segment, which we will call S, must, if it be not 
equal to R, be either greater or less than R. 


I. Suppose, if possible, S > BR. 


Let lal’ be a segment of a great circle which is less than a 
semicircle. Join Ol, Ol’, and let similar polygons with 2n equal 
sides be circumscribed and inscribed to the sector, as in the 
previous propositions, but such that 

(circumscribed polygon) : (inscribed polygon) < S: R. 
[Prop. 6] 
Let the polygons now revolve with the segment about OaA, 
generating solids of revolution circumscribed and inscribed to 
the segment of the sphere. 


Then 
(surface of outer solid) : (surface of inner solid) 
= AB? ab’ [Prop. 41] 
= (circumscribed polygon) : (inscribed polygon) 
<S: R, by hypothesis. 
But the surface of the outer solid is greater than S [Prop. 39]. 
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Therefore the surface of the inner solid is greater than R; 
which is impossible, by Prop. 37. 

II. Suppose, if possible, S< R. 

In this case we circumscribe and inscribe polygons such that 
their ratio is less than R: S; and we arrive at the result that 


(surface of outer solid) : (surface of inner solid) 
; <Rk:8. 
But the surface of the outer solid is greater than R [Prop. 40]. 
Therefore the surface of the inner solid is greater than S: which 
is impossible [Prop. 36]. 
Hence, since S is neither greater nor less than R, 


S=H. 


Proposition 43. 


Even of the segment of the sphere ts greater than a hemisphere, 
its surface vs still equal to a circle whose radius is equal to al. 

For let lal’a’ be a great circle of the sphere, aa’ being the 
diameter perpendicular to JJ’; and let 
lal’ be a segment less than a semi- a! 
circle. ; 

Then, by Prop. 42, the surface of 1? 
the segment la‘l’ of the sphere is 
equal to a circle with radius equal to 
a'l. 

Also the surface of the whole 
sphere is equal to a circle with radius . 
equal to aa’ [Prop. 33]. 

But aa’?—a/l* =al’, and circles are to one another as the 
squares on their radii. 

Therefore the surface of the segment Jal’, being the difference 
between the surfaces of the sphere and of Ja’l’, is equal to a 
circle with radius equal to al. 
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Proposition 44. 


The volume of any sector of a sphere is equal to a cone whose 
base is equal to the surface of the segment of the sphere included 
in the sector, and whose height is equal to the radius of the 
sphere. 

Let R be a cone whose base is equal to the surface of the 


segment Jal’ of a sphere and whose height is equal to the radius 
of the sphere; and let S be the volume of the sector Olal’. 


B 
6 
€ 
ey; 


Then, if S is not equal to R, it must be either greater or 
less. 


I. Suppose, if possible, that S> R. 
Find two straight lines , y, of which 8 is the greater, such 
that 
Bey <a 2h 
and let 5, e« be two arithmetic means between 8, y. 


Let lal’ be a segment of a great circle of the sphere. 
Join Ol, Ol, and let similar polygons with 2n equal sides be 
circumscribed and inscribed to the sector of the circle as before, 
but such that their sides are in a ratio less than B: 6. 
[Prop. 4]. 
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Then let the two polygons revolve with the segment about 
OaA, generating two solids of revolution. 


Denoting the volumes of these solids by V, v respectively, 
we have 


(V +cone OLL’) : (v+cone Oll’)= AB®: ab® [Prop. 41] 
Kis oO 
<B8:¥, a fortiorr*, 
<8: R, by hypothesis. 
Now (V+cone OLL’)>S8. 
Therefore also (v+cone Oll’) > R. 


But this is impossible, by Prop. 38, Cor. combined with Props. 
42, 43. 


Hence S>R. 


II. Suppose, if possible, that S < R. 
In this case we take 8, y such that 
B:y<k:S, 

and the rest of the construction proceeds as before. 

We thus obtain the relation 

(V+ cone OLL'): (v+cone Oll’)< R:8. 

Now (v+cone Ol’) <8. 
Therefore (V + cone OLL’)< R; 
which is impossible, by Prop. 40, Cor. 2 combined with Props. 
42, 43. 

Since then S is neither greater nor less than R, 

S=R, 


* Cf. note on Prop. 34, p. 42.. 
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BOOK. II. 


“ ARCHIMEDES to Dositheus greeting. 


On a former occasion you asked me to write out the proofs of 
the problems the enunciations of which I had myself sent to 
Conon. In point of fact they depend for the most part on the 
theorems of which I have already sent you the demonstrations, 
namely (1) that the surface of any sphere is four times the 
greatest circle in the sphere, (2) that the surface of any 
segment of a sphere is equal to a circle whose radius is equal 
to the straight line drawn from the vertex of the segment to 
the circumference of its base, (3) that the cylinder whose base 
is the greatest circle in any sphere and whose height is equal 
to the diameter of the sphere is itself in magnitude half as 
large again as the sphere, while its surface [including the two 
bases] is half as large again as the surface of the sphere, and 
(4) that any solid sector is equal to a cone whose base is the 
circle which is equal to the surface of the segment of the sphere 
included in the sector, and whose height is equal to the radius 
of the sphere. Such then of the theorems and problems as 
depend on these theorems I have written out in the book 
which I send herewith; those which are discovered by means 
of a different sort of investigation, those namely which relate 
to spirals and the conoids, I will endeavour to send you soon. 
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The first of the problems was as follows: Given a sphere, to 
find a plane area equal to the surface of the sphere. 


The solution of this is obvious from the theorems aforesaid. 
For four times the greatest circle in the sphere is both a plane 
area and equal to the surface of the sphere. 


The second problem was the following.” 


Proposition 1. (Problem.) 


Given a cone or a cylinder, to find a sphere equal to the cone 
or to the cylinder. 


If V be the given cone or cylinder, we can make a cylinder 
equal to 3V. Let this cylinder be the cylinder whose base 
is the circle on AB as diameter and whose height is OD. 


Now, if we could make another cylinder, equal to the 
cylinder (OD) but such that its height is equal to the diameter 
of its base, the problem would be solved, because this latter 
cylinder would be equal to 3V, and the sphere whose diameter 
is equal to the height (or to the diameter of the base) of the 
same cylinder would then be the sphere required [I. 34, Cor.]. 


é 
M 


Suppose the problem solved, and let the cylinder (C@) be 
equal to the cylinder (OD), while EF, the diameter of the base, 
is equal to the height CG. 
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Then, since in equal cylinders the heights and bases are 
reciprocally proportional, 


AB’: EF? =CG: 0D 


Ud 8 GM OI DL AARNE Y (1) 
Suppose MN to be such a line that 
Pia AB OMON veces sac tse anaes (2) 
Hence AB: EF=EF: MN, 


and, combining (1) and (2), we have 
AB: MN = EF: OD, 
or AB: EF=MN: OD. 
Therefore AB: EF=EF:MN=MN: OD, 
and EF, MN are two mean proportionals between AB, OD. 


The synthesis of the problem is therefore as follows. Take 
two mean proportionals EF’, MN between AB and OD, and 
describe a cylinder whose base is a circle on EF as diameter 
and whose height CG is equal to EF. 


Then, since 
AB: EF=EF:MN=MN: OD, 
EF’ =AB.MN, 
and therefore AB’: EF’=AB:MN 
=i OD 
= CG: OD; 


whence the bases of the two cylinders (OD), (OG) are recipro- 
cally proportional to their heights. 


Therefore the cylinders are equal, and it follows that 
cylinder (CG) =8V. 


The sphere on HF as diameter is therefore the sphere 
required, being equal to V. 
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Proposition 2. 


If BAB’ be a segment of a sphere, BB’ a diameter of the 
base of the segment, and O the centre of the sphere, and if AA’ 
be the diameter of the sphere bisecting BB’ in M, then the volume 
of the seyment is equal to that of a cone whose base is the same 
as that of the segment and whose height is h, where 

h: AM=0OA'+A’'M: A’M. 

Measure MH along MA equal to h, and MH’ along MA’ 

equal to h’, where 
h’: A’M=0A+ AM: AM. 

Suppose the three cones constructed which have O, H 
H’ for their apices and the base (BB’) of the segment for their 
common base. Join AB, A’B. 


Let C' be a cone whose base is equal to the surface of the 
segment BAB’ of the sphere, i.e. to a circle with radius equal 
to AB [I. 42], and whose height is equal to OA. 


Then the cone Cis equal to the solid sector OBAB' [I. 441. 
Now, since HM :MA=OA'+ A'M: A’'M, 


dividendo, HA AM = OA "AM, 
and, alternately, HA: AO=AM: MA’, 
so that 
HO? O04 AAA 
=ABe: BM: 


= (base of cone C) : (circle on BB’ as diameter). 


60 ARCHIMEDES 


But GA is equal to the height of the cone C; therefore, since 
cones are equal if their bases and heights are reciprocally 
proportional, it follows that the cone C (or the solid sector 
OBAB’) is equal to a cone whose base is the circle on BB’ as 
diameter and whose height is equal to OH. 


And this latter cone is equal to the sum of two others 
having the same base and with heights OM, MH, ie. to the 
solid rhombus OBHB’. 


Hence the sector OBAB’ is equal to the rhombus OBHB’. 
Taking away the common part, the cone OBB’, 

the segment BAB’ = the cone HBB’. 
Similarly, by the same method, we can prove that 

the segment BA’B’ = the cone H’BB’. 
Alternative proof of the latter property. 


Suppose D to be a cone whose base is equal to the surface 
of the whole sphere and whose height is equal to OA. 


Thus D is equal to the volume of the sphere. [I. 33, 34] 
Now, since OA’+ A’M: A’M=HM: MA, 
dividendo and alternando, as before, 
OA: AH=A’'M: MA. 
Again, since H’M: MA'’=0A+AM: AM, 
H'A’:OA=A'M: MA 
= OA : AH, from above. 
Componendo, TOMO Age OHH Aang, eae (1). 
Alternately, Ti Oi! OF iA SA Tee rece oes ane (2), 
and, componendo, HH’: HO=OH: HA, 
= H’0 : OA, from (1), 


whence TOS O Ave HOMO erence at (3). 
Next, since HO’: OH =O0As AH,tby-(2), 
= A’M: MA, 


(H'0 + OH): H’0.0H =(A’M+ MA): A'M.MA, 
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whence, by means of (3), 
HH”: HH’.0A=AA”: A’M. MA, 
or HHO A AA? BM, 
Now the cone D, which is equal to the sphere, has for its base 
a circle whose radius is equal to A.A’, and for its height a line 


equal to OA. 


Hence this cone D is equal to a cone whose base is the circle 
on BB’ as diameter and whose height is equal to HH’; 


therefore the cone D =the rhombus HBH’B’, 

or the rhombus HBH’B’ = the sphere. 

But the segment BAB’ =the cone HBB’; 
therefore the remaining segment BA’B’ =the cone H’BB’. 


Cor. The segment BAB’ is to a cone with the same base and 
equal height in the ratio of OA’ + A'M to A’M. 


Proposition 8. (Problem.) 


To cut a given sphere by a plane so that the surfaces of the 
segments may have to one another a given ratio. 


Suppose the problem solved. Let AA’ be a diameter of a 
great circle of the sphere, and suppose that a plane perpendicular 
to AA’ cuts the plane of the great circle in the straight 


B 


8 


line BB’, and AA’ in M, and that it divides the sphere so that 
the surface of the segment BAB’ has to the surface of the 
segment BA’B’ the given ratio. 
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Now these surfaces are respectively equal to circles with 
radii equal to AB, A’B [I. 42, 43]. 


Hence the ratio AB’: A’B? is equal to the given ratio, i.e. 
AM is to MA’ in the given ratio. 3 


Accordingly the synthesis proceeds as follows. 
If H : K be the given ratio, divide AA’ in M so that 
AM? MA =H: K. 
Then AM: MA’= AB’: A’B* 
= (circle with radius AB) : (circle with radius A'B) 
= (surface of segment BAB’) : (surface of segment BA’B’). 


Thus the ratio of the surfaces of the segments is equal to 
the ratio H: K. 


Proposition 4. (Problem.) 


To cut a given sphere by a plane so that the volumes of the 
segments are to one another in a gwen ratio. 


Suppose the problem solved, and let the required plane cut 
the great circle ABA’ at right angles in the line BB’. Let 
AA’ be that diameter of the great circle which bisects BB’ at 
right angles (in M), and let O be the centre of the sphere. 


Take H on OA produced, and H’ on OA’ produced, such 
that 


OA’'+ A’M: A'M= HM: MA.............. (1), 
and OA+AM:AM=H'M: MA’ 
Jon BH, Bo, BA Bo 
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Then the cones HBB’, H’BB’ are respectively equal to the 
segments BAB’, BA’B’ of the sphere [Prop. 2]. 

Hence the ratio of the cones, and therefore of their altitudes, 
is given, Le. 

HM : H’M =the given ratio............... (3). 

We have now three equations (1), (2), (3), in which there 
appear three as yet undetermined points M, H, H’; and it is 
first necessary to find, by means of them, another equation in 
which only one of these points (J) appears, i.e. we have, so to 
speak, to eliminate H, H’. 

Now, from (3), it is clear that HH’: H’M is also a given 
ratio; and Archimedes’ method of elimination is, first, to find 
values for each of the ratios A’H’: H’M and HH’: H’A’ which 
are alike independent of H, H’, and then, secondly, to equate 
the ratio compounded of these two ratios to the known value 
of the ratio HH’: H’M. 


(a) To find such a value for A’H’: H’M. 
It is at once clear from equation (2) above that 

ee He MeO AOA A tate cy cover (4). 
(b) To find such a value for HH’: A’H’. 


From (1) we derivé 


A’M: MA=04A'+A'M: HM 


TOY: Grae: 0s Aart er cee eee oe (5); 
and, from (2), A’M: MA=H’M:0A+AM 
SEACH 10 Aree fev ren (6). 
Thus HA: AO=0A 7 AL, 
whence OH 0 As 00 AL 3 
or OH : OH’ = 0A:: A’. 


It follows that 
eet eA da, 
or HH’. H'A’= 08". 
Therefore HH’: H'A’=OH"”: H'A” 
= AA”: A’M’, by means of (6) 
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(c) To express the ratios A’H’: H’M and HH': H’M more 
simply we make the following construction. Produce OA to D 
so that OA=AD. (D will lie beyond H, for a > MA, and 
therefore, by (5), OA > AH.) 


Then A’H’: H’M=0A :0A+AM 
AD SDM ae ee (7) 
Now divide AD at E so that 
DEO HM AD) De see een eee (8). 


Thus, using equations (8), (7) and the value of HH’: H’A’ 
above found, we have 
AD; DE=HH’: H’M 
= (HH OAH “Aye Ate Mf) 
=(AA* =A’) (AD DM). 
But AD: DE=(DM : DE).(AD : DM). 

Therefore MD DE = AA® TAM Be (9). 
And D is given, since AD=OA. Also AD: DE (being equal 
to HH’: H'M) isa given ratio. Therefore DE is given. 

Hence the problem reduces itself to the problem of dividing 
A'D into two parts at M so that 

MD : (a given length) = (a given area) : A’M”. 

Archimedes adds: “If the problem is propounded in this 
general form, it requires a dvopscpds [i.e. it is necessary to 
investigate the limits of possibility], but, if there be added the 
conditions subsisting in the present case, it does not require a 
Svopic pos.” 

In the present case the problem is: 

Given a straight line A’A produced to D so that A’A =2AD, 
and given a point E on AD, to cut AA’ ina point M so that 

AA”: A'’M’= MD: DE. 

“And the analysis and synthesis of both problems will be 
given at the end*.” 

The synthesis of the main problem will be as follows. Let 
R:S be the given ratio, R being less than S. AA’ being a 


* See the note following this proposition. 
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diameter of a great circle, and O the centre, produce OA to D 
so that OA = AD, and divide AD in E so that 


All ED aR 3S. 
Then cut AA’ in M so that 
MD. DE = AA®= AM’. 
Through M erect a plane perpendicular to AA’; this plane 
_will then divide the sphere into segments which will be to one 
another as R to 8. 


Take H on A’A produced, and H’ on AA’ produced, so that 
DAN ACM TSA Mia diM MACS etre es os (1), 
OA PAM SAM =H M PMA, Wii cce ce. (2). 
We have then to show that 
HM: MH’=R:S, or AE: ED. 
(a) We first find the value of HH’: H’A’ as follows. 
As was shown in the analysis (6), 
WH eAs OH. 
or ELH GAHCAG=0H CS HAG 
mie Wis ba ave bo Es 
= MD: DE, by construction. 
(8) Next we have 
AGM = OA 304.4 AD. 
=AD: DM. 

Therefore HH’: H’M=(HH’: H’A’).(H’A’: H’'M) 
=(MD: DE).(AD: DM) 
=AD? DE, 

whence HM: MH’=AE: ED 
=R:8. Q. E. D. 


Note. The solution of the subsidiary problem to which the 
original problem of Prop. 4 is reduced, and of which Archimedes 
promises a discussion, is given in a highly interesting and 
important note by Eutocius, who introduces the subject with 
the following explanation. 
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“He [Archimedes] promised to give a solution of this 
problem at the end, but we do not find the promise kept in any 
of the copies. Hence we find that Dionysodorus too failed to 
light upon the promised discussion and, being unable to grapple 
with the omitted lemma, approached the original problem in a 
different way, which I shall describe later. Diocles also ex- 
pressed in his work zepi mupiwv the opinion that Archimedes 
made the promise but did not perform it, and tried to supply 
the omission himself. His attempt I shall also give in its 
order. It will however be seen to have no relation to the 
omitted discussion but to give, like Dionysodorus, a construction 
arrived at by a different method of proof. On the other hand, 
as the result of unremitting and extensive research, I found in 
a certain old book some theorems discussed which, although the 
reverse of clear owing to errors and in many ways faulty as 
regards the figures, nevertheless gave the substance of what I 
sought, and moreover to some extent kept to the Doric dialect 
affected by Archimedes, while they retained the names familiar in 
old usage, the parabola being called a section of a right-angled 
cone, and the hyperbola a section of an obtuse-angled cone; 
whence I was led to consider whether these theorems might 
not in fact be what he promised he would give at the end. For 
this reason I paid them the closer attention, and, after finding 
great difficulty with the actual text owing to the multitude of 
the mistakes above referred to, I made out the sense gradually 
and now proceed to set it out, as well as I can, in more familiar 
and clearer language. And first the theorem will be treated 
generally, in order that what Archimedes says about the limits 
of possibility may be made clear; after which there will follow 
the special application to the conditions stated in his analysis 
of the problem.” 


The investigation which follows may be thus reproduced. 
The general problem is: 


Given two straight lines AB, AC and an area D, to divide 
AB at M so that 


AM: AC=D : MB’. 
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Analysis. 


Suppose M found, and suppose AC placed at right angles to 
AB. Join CM and produce it. Draw HBN through B parallel 
to AC meeting CM in N, and through C draw CHE parallel to 
AB meeting HBN in E. Complete the parallelogram CEN F, 
and through M draw PMH parallel to AC meeting FN in P. 


Measure EL along EN so that 


CE. EL (or AB. EL) = D. i 3 
Then, by hypothesis, 
AM:AC=CE.EL: MB". 
And x 
AM: AC=CE: EN, A B 
by similar triangles, Leek amc sealed 
c H E 


(=CEH. EL: EL. EN. 

It follows that PN’ =MB’=EL.EN. 
Hence, if a parabola be described with vertex H, axis HN, and 
parameter equal to HZ, it will pass through P; and it will be 
given in position, since #L is given. 

Therefore P lies on a given parabola. 

Next, since the rectangles PH, AF are equal, 

FP.PH=AB.BE. 


Hence, if a rectangular hyperbola be described with CE, CF 
as asymptotes and passing through B, it will pass through P. 
And the hyperbola is given in position. 


Therefore P lies on a given hyperbola. 
Thus P is determined as the intersection of the parabola 
and hyperbola. And since P is thus given, M is also given. 
Stoptapoas. 
Now, since AM:AC=D: MB’, 
AM.MB’= AC.D. 


But AC. Dis given, and tt will be proved later that the maximum 
value of AM. MB? is that which it assumes when BM = 2AM. 
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Hence it is a necessary condition of the possibility of a 
solution that AC.D must not be greater than 4AB.(ZAB)’, or 
fy AB’. 

Synthesis. 


If O be such a point on AB that BO=2A0, we have seen 
that, in order that the solution may be possible, 


AC, D>AOlTOB. 
Thus AC. D is either equal to, or less than, AO. OB’. 


(1) If AC.D=AO.OB?’, then the point O itself solves the 
problem. 


(2) Let AC.D be less than AO. OB’. 


Place AC at right angles to AB. Join CO, and produce it 
to R. Draw HBR through B parallel to AC meeting CO in R, 
and through C draw CE parallel 
to AB meeting HBRin LE. Com- 
plete the parallelogram CERF, 
and through O draw QOK parallel 
to AC meeting FR in Q and CE 
in K. 

Then, since 

AC.D< AO.OB’, 


measure RQ’ along RQ so that 
AC. D=A0.Q’R?, 
or A032 AG = DuOERe 
Measure HL along ER so that 
D=CE.EL (or AB. EL). 
Now, since AO: AC=D: Q’R’, by hypothesis, 
=CE.EL: Q'R’, 
and AO: AC=CE: ER, by similar triangles, 
=CE.EL: EL.ER, 


it follows that 
WR? =EL. ER. 
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Describe a parabola with vertex H, axis HR, and parameter 
equal to HL. This parabola will then pass through Q’. 


Again, rect. FK = rect. AL, 
or FQ: OK = ABBE 
and, if we describe a rectangular hyperbola with asymptotes 
CE, CF and passing through B, it will also pass through Q. 


Let the parabola and hyperbola intersect at P, and through 
P draw PMH parallel to AC meeting AB in M and CF 
in H, and GPN parallel to AB meeting CF in G and ER 
in JV. 


Then shall Jf be the required point of division. 
Since PG. PH=ABSBE: 
rect. GM = rect. ME, 
and therefore CIN is a straight line. 


Thus ABS BE =P PH cA Me EL Ne ware ntid (1). 
Again, by the property of the parabola, 
PN’ =EL.EN, 
or P= LLIN er vae seals sacs abe oae0e (2). 


From (1) and (2) 
AM: EL=AB.BE: MB’, 


or AM.AB:AB.EL=AB.AC: MB’. 
Alternately, 

AMPABSADCAG= 4p. EiaaM B*, 
or AM: AC=D:MB*. 


Proof of Scopicpos. 


It remains to be proved that, if AB be divided at O so that 
BO =2A0, then AO. OB? ts the maximum value of AM. MB’, 


or AO-OB >AM. MB*, 
where M is any point on AB other than O. 


70 ARCHIMEDES 


Suppose that AO: AC=CE.EL’: OB’, 
so that AO LOB? =CE VEL’ AC. 
Join CO, and produce it to V; 
draw EBN through B parallel ™ 
to AC, and complete the paral- 
lelogram CE NF. 

Through O draw POH 
parallel to AC meeting PN 
in P and CE in H. 

With vertex H, axis HN, 
and parameter HL’, describe 
a parabola. This will pass 
through P, as shown in the 
analysis above, and beyond P & 
will meet the diameter CF of 
the parabola in some point. 

Next draw a rectangular 
hyperbola with asymptotes CZ, 
CF and passing through B. 
This hyperbola will also pass 
through P, as shown in the 
analysis. 

Produce VE to T so that 
TE=EN. Join TP meeting 
CE in Y, and produce it to 
meet CF in W. Thus 7P will 
touch the parabola at P. 


Then, since BO=2A40. 
TP =2PW. 

And T Pia ee Ys 

Therefore PW=PY. 


Since, then, WY between the asymptotes is bisected at P, the 
point where it meets the hyperbola, 


WY is a tangent to the hyperbola. 


Hence the hyperbola and parabola, having a common tangent 
at P, touch one another at P. 


ON THE SPHERE AND CYLINDER II. wa 


Now take any point M on AB, and through M draw QUK 
parallel to AC meeting the hyperbola in Q and CE in XK. 
Lastly, draw GqQR through Q parallel to AB meeting CF in G, 
the parabola in g, and EN in R. 

Then, since, by the property of the hyperbola, the rectangles 
GK, AE are equal, CMR is a straight line. 


By the property of the parabola, 


qgh* = EL’. ER, 
so that QR’ < EL’. ER. 
Suppose QR* = EL. ER, 


and we have AM :AC=CE:ER 
=CH.EL:EL.ER 


=CH.EL : QR? 
. =CE.EL: MB’, 
or AM.MB’?=CE.EL. AC. 
Therefore AM.MB’<CE.EL’.AC 
<0. OB: 


If AC. D< AO.OB’, there are two solutions because there 
will be two points of intersection between the parabola and the 
hyperbola. . 

For, if we draw with vertex # and axis HN a parabola 
whose parameter is equal to HL, the parabola will pass through 
the point Q (see the last figure); and, since the parabola meets 
the diameter CF beyond Q, it must meet the hyperbola again 
(which has CF for its asymptote). 

[If we put AB=a, BM=2, AC =c, and D=D’, the pro- 
portion 

AM: AC=DEeMB 
is seen to be equivalent to the equation 
x’ (a — x) = b’e, 
being a cubic equation with the term containing x omitted. 
Now suppose ZN, EC to be axes of coordinates, HN being 


the axis of y. 
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Then the parabola used in the above solution is the 
parabola 
b? 
2 = — 
w= oY, 
and the rectangular hyperbola is 
y (a — “) = a0. 
Thus the solution of the cubic equation and the conditions 
under which there are no positive solutions, or one, or two 
positive solutions are obtained by the use of the two conics. ] 


[For the sake of completeness, and for their intrinsic interest, 
the solutions of the original problem in Prop. 4 given by 
Dionysodorus and Diocles are here appended. 


Dionysodorus’ solution. 


Let AA’ be a diameter of the given sphere. It is required 
to find a plane cutting AA’ at right angles (in a point WM, 
suppose) so that the segments into which the sphere is divided 
are In a given ratio, as CD : DE. 


Produce A’A to F'so that A#’= OA, where O is the centre 
of the sphere. 


E 
Draw AH perpendicular to 4A’ and of such length that 
FA: AH=CE: ED, 
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and produce AH to K so that 


With vertex F, axis FA, and parameter equal to AH 
describe a parabola. This will pass through K, by the equa- 
tion (a). 

Draw A’K’ parallel to AK and meeting the parabola in K’; 
and with A’F, A’K’ as asymptotes describe a rectangular 
hyperbola passing through H. This hyperbola will meet the 
parabola at some point, as P, between K and K’. 


Draw PWM perpendicular to AA’ meeting the great circle in 
B, B’, and from H, P draw HL, PR both parallel to AA’ and 
meeting A’K’ in L, R respectively. 
Then, by the property of the hyperbola, 
. PROPM=AA. AL, 
Le. PM.MA’'=HA.AA’, 


or PM AH=AA’: AM, 
and PM*; AH* = AA®: AM’, 


Also, by the property of the parabola, 
gee 7= MAH, 
Le. AM PM = PM SAH, 
or YM: AH = PMA: 
= AA”: A’M” from above. 

Thus, since circles are to one another as the squares of their 
radii, the cone whose base is the circle with A’M as radius and 
whose height is equal to #’M, and the cone whose base is the 
circle with AA’ as radius and whose height is equal to AH, 
have their bases and heights reciprocally proportional. 


Hence the cones are equal; 1e., if we denote the first cone 
by the symbol c (A’M), FM, and so on, 
c(A’M), FM =c(AA’), AH. 
Now c(AA’), FA:c(AA’) AH=FA: AH 
= CE : ED, by construction. 
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Therefore 
c(AA’), FA :c(A'M), FM=CE: ED.......(8). 
But (1) c(AA’), FA =the sphere. © [I. 34] 


(2) c(A'M), FM can be proved equal to the segment of 
the sphere whose vertex is A’ and height A’M. 


For take G on AA’ produced such that 
GM:MA'=FM: MA 


=0A+AM: AM. 
Then the cone GBB’ is equal to the segment A’BB’ [Prop. 2]. 
And FM: MG=AM: MA’, by hypothesis, 
=> BM? ° A’M?. 
Therefore 
(circle with rad. BM) : (circle with rad. A’M) 
= JM 2 MG; 
so that c(A’M), FM =c (BM), MG 


= the segment A’BB’. 
We have therefore, from the equation (8) above, 
(the sphere) : (segmt. A’BB’) = CE : ED, 

whence (segmt. ABB’) : (segmt. A'BB’)=CD: DE. 


Diocles’ solution. 


Diocles starts, like Archimedes, from the property, proved in 
Prop. 2, that, if the plane of section cut a diameter AA’ of the 
sphere at right angles in M, and if H, H’ be taken on OA, OA’ 
produced respectively so that 

OA'+ A'’M: A’M=HM : MA, 
OA+AM:AM=H’'M: MA’, 
then the cones HBB’, H’BB’ are respectively equal to the 
segments ABB’, A’BB’. 
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Then, drawing the inference that 
HA: AM=0O4A’: A’M, 
TAS A Mi= OA. AM, 


H! 


he proceeds to state the problem in the following form, slightly 
generalising it by the substitution of any given straight line for 
OA or OA’: 

Given a straight line AA’, its extremities A, A’,a ratio C: D, 
and another straight line as AK, to dwide AA’ at M and to find 
two points H, H’ on A’A and AA’ produced respectively so that 
the following relations may hold simultaneously, 


CD) ze EM eSB TI pi, cassoonsn oe2 ve (a), 
THEA GPA Maat A OETA GUS Tere Fae. (8), 
LACE AG Vice GARG SANE N a cecepesssse (y). 


Analysis. J 


Suppose the problem solved and the points M, H, H’ all 
found. 

Place AK at right angles to 4A’, and draw A’K’ parallel 
and equal to AK. Join KM, K’'M, and produce them to meet 
K’A’, KA respectively in #, F. Jom KK’, draw EG through 
£ parallel to A’A meeting KF in G, and through M draw QU N 
parallel to AK meeting HG in Q and KK’ in N. 

Now HA: AM = A’K': A’M, by (8), 

= FA: AM, by similar triangles, 


whence HA=fA. 
Similarly TLEA —eAeh: 
Next, 


FA+AM: A'K'+A’M=AM: A'M 
=AK+AM: EA’+ A’'M, by similar triangles. 
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Therefore 
(FA + AM).(EA'+ A'M)=(KA+AM).(K'A'+ AM). 
Take AR along AH and A’R’ along A’H’ such that 
AR = A'R’= AK. 
Then, since FA + AM=HM, EA'+ A’M=MH’, we have 
AMMA > ROME con sates teet (6). 


(Thus, if R falls between A and H, R’ falls on the side of H’ 
remote from A’, and vice versa.) 


Pp? 


Now C: D=HM: MH’, by hypothesis, 
Se ee 
= KM. Mh: MHS byo): 
Measure MV along IN so that WV=<A’M. Join A’V and 
produce it both ways. Draw RP, R’P’ perpendicular to RR’ 
meeting A’V produced in P, P’ respectively. Then, the angle 
MA'V being half a right angle, PP’ is given in position, and, 
since R, R’ are given, so are P, P’. 
And, by parallels, 
POY 2 PV a eee 
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Therefore PV.P’V: PV?= RM. MR’: RM’. 

But PV? =2RM"*. 

Therefore PV.P’V=2RM. MR’. 
And it was shown that 

BM OM i MA” = CD, 

Hence PVP Mi = 20 —, 
But MH’ = A'M+ A’'E= VM + MQ= QV. 

Therefore QV*: PV.P’V =D: 20, & given ratio. 
Thus, if we take a line p such that 

D020 eps PP2*, 

and if we describe an ellipse with PP’ as a diameter and p as 
the corresponding parameter [= DD”/PP’ in the ordinary 
notation of geometrical conics], and such that the ordinates to 
PP’ are inclined to it at an angle equal to half a right angle, 
ie, are parallel to QV or AK, then the ellipse will pass 
through Q. 

Hence Q lies on an ellipse given in position. 

Again, since HK is a diagonal of the parallelogram GK’, 

GQ.QN = AA’. AK". 
If therefore a rectangular hyperbola be described with KG, 


KK’ as asymptotes and passing through A’, it will also pass 
through Q. 


Hence Q lies on a given rectangular hyperbola. 
Thus Q is determined as the intersection of a given ellipse 


* There is a mistake in the Greek text here which seems to have escaped the 
notice of all the editors up to the present. The words are éay dpa roujowper, ws 
thy A mpos Thy durdaclav ris T, otrws tiv TY mpds adrdAnv Tiva ws Thy ®, i.e. (with 
the lettering above) ‘‘ If we take a length p such that D: 2C= PP’: p.” This 
cannot be right, because we should then have 

OVER EV ERP AV iE Dasa: 
whereas the two latter terms should be reversed, the correct property of the 
ellipse being 

OVA AP VE a= p RP [Apollonius I. 21] 

The mistake would appear to have originated as far back as Eutocius, but I 
think that Eutocius is more likely to have made the slip than Diocles himself, 
because any intelligent mathematician would be more likely to make such a slip 
in writing out another man’s work than to overlook it if made by another. 
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and a given hyperbola, and is therefore given. Thus M ‘is 
given, and H, H’ can at once be found. 


Synthesis. 
Place AA’, AK at right angles, draw A’K’ parallel and 
equal to AK, and join KK’. 


Make AR (measured along A’A produced) and A’R’ 
(measured along AA’ produced) each equal to AK, and 
through R, R’ draw perpendiculars to RR’. 


Then through A’ draw PP’ making an angle (A A’P) with 
AA’ equal to half a right angle and meeting the perpendiculars 
just drawn in P, P’ respectively. 


Take a length p such that 
Delay er) 
and with PP’ as diameter and p as the corresponding parameter 


describe an ellipse such that the ordinates to PP’ are inclined 
to it at an angle equal to AA’P, ie. are parallel to AK. 


With asymptotes KA, Kk’ draw a rectangular hyperbola 
passing through A’. 


Let the hyperbola and ellipse meet in Q, and from Q draw 
QMVN perpendicular to AA’ meeting AA’ in M, PP’ in V 
and KK'in N. Also draw GQE parallel to AA’ meeting AK, 
A’K’ respectively in G, £. 


Produce KA, K’M to meet in F. 
Then, from the property of the hyperbola, 
COLON 274 AeA 
and, since these rectangles are equal, KE is a straight line. 


Measure AH along AR equal to AF, and A’H’ along A’R’ 
equal to A’E. 


From the property of the ellipse, 
OVE Veh Vee 0 er bs 
=D 926, 


* Here too the Greek text repeats the same error as that noted on p. 77. 
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And, by parallels, 
Ve VaR Me Re: 
or PVP VAP Vee RA Mi sh 
while P’V’=2R’M”’, since the angle RA’P is half a right 
angle. 


Therefore : PVP: Vi=2RM MR’, 
whence OV”. 2RM Mi’ =D: 20. 
But QV=EA’+ A’M=MHA’. 


Therefore RM .MR’: MH” =C: D. 
Again, by similar triangles, 
FA+AM:K’'A'+A’M=AM: A'M 
=KA+AM:EA’'+A'M. 
Therefore 
(FA + AM).(£A’'+ A’M)=(KA+4+AM).(K'A'+ A'M) 
or HM.MH’=RM. MR’. 
It follows that 
HM .MH’:MH*%=C: D, 
or TM BOM He Osc 0)) xen ta, spuds eae te sh (a). 
Also HA: AM=FA: AM, 
= A’K’: A’M, by similar 
triangles...(8), 
and i Ag A Mad dona Lf, 


Hence the points M, H, H’ satisfy the three given 
relations. } 


Proposition 5. (Problem.) 


To construct a segment of a sphere similar to one segment 
and equal in volume to another. 

Let ABB’ be one segment whose vertex is A and whose 
base is the circle on BB’ as diameter; and let DEF be another 
segment whose vertex is D and whose base is the circle on HF 
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as diameter. Let AA’, DD’ be diameters of the great circles 
passing through BB’, EF respectively, and let O, C be the 
respective centres of the spheres. 

Suppose it required to draw a segment similar to DEF and 
equal in volume to ABB’. 


Analysis. Suppose the problem solved, and let def be the 
required segment, d being the vertex and ef the diameter of 
the base. Let dd’ be the diameter of the sphere which bisects 
ef at right angles, c the centre of the sphere. 


: f i} \ 
| 


Let M, G,g be the points where BB’, EF, ef are bisected 
at right angles by 4A’, DD’, dd’ respectively, and produce OA, 
CD, ced respectively to H, K, k, so that 


OA'+ A’M: A’M=HM:MA 
CD'+ D'G: D'G=KG:GD +, 
ed’ +d’g:d'g=kg: gd 


and suppose cones formed with vertices H, K, k and with the 
same bases as the respective segments. The cones will then be 
equal to the segments respectively [Prop. 2]. 


Therefore, by hypothesis, 
the cone HBB’ =the cone kef, 
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Hence 
(circle on diameter BB’) : (circle on diameter ef )=kg: HM, 
so that BE em OAM. 7. reine a 


But, since the segments DEF, def are similar, so are the 
cones KEP, kef. 


Therefore " KG SEP = ho: ef: 

And the ratio KG: HF is given. Therefore the ratio kg : ef 
is given. 

Suppose a length & taken such that 


ROS. 07 SAM ODay can haere ens (2). 
Thus £ is given. 


Again, since kg: HM=BB”: ef’=ef : R, by (1) and (2), 
suppose a length S taken such that 


ef? = BB’ .S, 
or BE est Cfnc=D Be 39: 
Thus BB’: ef=ef:S=S8: R, 


and ef, S are two mean proportionals in continued proportion 
between BB’, R. 
é 

Synthesis. Let ABB’, DEF be great circles, AA’, DD’ 
the diameters bisecting BB’, HF at right angles in M, G 
respectively, and O, C' the centres. 

Take H, K in the same way as before, and construct the 
cones HBB’, KEF, which are therefore equal to the respective 
segments ABB’, DEF. 


Let R be a straight line such that 
KG: EF=HM: R, 
and between BB’, R take two mean proportionals ef, S. 


On ef as base describe a segment of a circle with vertex d 
and similar to the segment of a circle DEF. Complete the 
circle, and let dd’ be the diameter through d, and c the centre. 
Conceive a sphere constructed of which def is a great circle, 
and through ef draw a plane at right angles to dd’. 
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Then shall def be the required segment of a sphere. 
For the segments DEF, def of the spheres are similar, like 
the circular segments DEF, def. 
Produce cd to k so that 
cd’ +d'9: d'g=kg: gd. 
The cones KEF, kef are then similar. 
Therefore kg: ef =KG: EF=HM: R, 
whence kg: HM=ef: R. 
But, since BB’, ef, S, R are in continued proportion, 
BB" Zef* = BB SS 
=ef: Kh 
a= hog EAT, 
Thus the bases of the cones HBB’, kef are reciprocally 
proportional to their heights. The cones are therefore equal, 


and def is the segment required, being equal in volume to the 
cone kef. [Prop. 2] 


Proposition 6. (Problem.) 


Given two segments of spheres, to find a third segment of a 
sphere similar to one of the given segments and having its 
surface equal to that of the other. 


Let ABB’ be the segment to whose surface the surface of 
the required segment is to be equal, ABA’B’ the great circle 
whose plane cuts the plane of the base of the segment ABB’ at 
right angles in BB’. Let AA’ be the diameter which bisects 
BB’ at right angles. 


Let DEF be the segment to which the required segment 
is to be similar, DED’F the great circle cutting the base of the 
segment at right angles in HF. Let DD’ be the diameter 
bisecting HF at right angles in G. 


Suppose the problem solved, def being a segment similar 
to DEF and having its surface equal to that of ABB’; and 
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complete the figure for def as for DEF, corresponding points 
being denoted by small and capital letters respectively. 


d' 
Join AB, DF, df. 


Now, since the surfaces of the segments def, ABB’ are equal, 
so are the circles on df, AB as diameters ; [I. 42, 43] 


that is, - df=AB. 
From the similarity of the segments DEF, def we obtain 
d’d:dg=D'D: DG, 


and dg- df =DG DF; 
whence d’d: df= D'D: DF, 
or dd AB = DoD DE. 


But AB, D’D, DF are all given ; 
therefore d’d is given. 
Accordingly the synthesis is as follows. 
Take d’d such that 
GAM =e) Ly GHD) Be wain.oens Cuticapsons (4). 


Describe a circle on d’d as diameter, and conceive a sphere 
constructed of which this circle is a great circle. 
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Divide d’d at g so that 
d'g: ga= D'G: GD, 

and draw through g a plane perpendicular to d’d cutting off 
the segment def of the sphere and intersecting the plane of the 
great circle in ef The segments def, DEF are thus similar, 
and dg: df=DG: DF. 

But from above, componendo, 

ad =dg= DD DG. 

Therefore, ex aequali, d’d:df=D'D: DF, 
whence, by (1), df= AB. 

Therefore the segment def has its surface equal to the 
surface of the segment ABB’ [I. 42, 43], while it is also similar 
to the segment DEF. 


Proposition 7. (Problem.) 


From a gwen sphere to cut off a segment by a plane so that 
the segment may have a given ratio to the cone which has the same 
base as the segment and equal height. 


Let AA’ be the diameter of a great circle of the sphere. 
It is required to draw a plane at right angles to AA’ cutting 
off a segment, as ABB’, such that the segment ABB’ has to 
the cone ABB’ a given ratio. 


Analysis. 


Suppose the problem solved, and let the plane of section 
cut the plane of the great circle in BB’, and the diameter 
AA’ in M. Let O be the centre of the sphere. 


Produce OA to H so that 
OA’+A'’M: A’M=HM: MA............. (CL) 
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Thus the cone HBB’ is equal to the segment ABB’. [Prop. 2] 


Therefore the given ratio must be equal to the ratio of the 
cone /TBB’ to the cone ABB’, ve. to the ratio HM: MA. 


Hence the ratio OA’+A’M : A’M is given; and therefore 
A’M is given. 


Stopragmas. 
Now OA’: A’M>OA': A’'A, 
so that OA'+ A’M: A’M>0A'+A’A:A'A 


Say 2 O4 


Thus, in order that a solution may be possible, it is a 
necessary condition that the given ratio must be greater than 
St 2s 


The synthesis proceeds thus. 


Let AA’ be a diameter of a great circle of the sphere, O the 
centre. 


Take a line D#, and a point F on it, such that DE: EF is 
equal to the given ratio, being greater than 3: 2. 


Now, since OM AA: A A= se 2, 
DE: EF >OA'+ A’'A:A’A, 


so that DE FE SOA A’ A. 
Hence a point M can be found on AA’ such that 
ie Dl) AA aM ees daeus gies cry nges( 


Through M draw a plane at right angles to AA’ intersecting 
the plane of the great circle in BB’, and cutting off frorm the 
sphere the segment ABB’. 


As before, take H on OA produced such that 
OA’+A'M: A’M=HM: MA. 
Therefore HM: MA=DE: EF, by means of (2). 


It follows that the cone HBB’, or the segment ABB’, is to 
the cone ABB’ in the given ratio DE: EF. 
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Proposition 8. 


If a sphere be cut by a plane not passing through the centre 
into two segments A’BB’, ABB’, of which A’BB’ is the greater, 
then the ratio 
(segmt. A’BB’) : (segmt. ABB’) 

< (surface of A’BB’) : (surface of ABB’? 
but > (surface of A’BB’)? : (surface of ABB’)*. 

Let the plane of section cut a great circle A’BAB’ at right 


angles in BB’, and let AA’ be the diameter bisecting BB’ at 
right angles in M. 


Let O be the centre of the sphere. 
Join A’B, AB. 


As usual, take H on OA produced, and H’ on OA’ produced, 
so that 


OA'+ A'M: A'M = HM: MA... cece (1), 
OA+AM:AM = H'M : MA’... (2), 


and conceive cones drawn each with the same base as the two 
segments and with apices H, H’ respectively. The cones are 
then respectively equal to the segments [Prop. 2], and they 
are in the ratio of their heights HM, H’M. 


Also 
(surface of A’BB’) : (surface of ABB’)= A’B?: AB? [I. 42, 43] 
wa! Bes Bis 
* This is expressed in Archimedes’ phrase by saying that the greater seg- 
ment has to the lesser a ratio ‘‘less than the duplicate (d:rAdovov) of that which 


the surface of the greater segment has to the surface of the lesser, but greater 
than the sesquialterate (juodov) [of that ratio].” 
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We have therefore to prove 
(a) that H'M : MH < A’M’: MA’, 
(6) that H’M: MH > A’M?: MA}. 

(a) From (2) above, 

A’M: AM=H'M:0A+AM 
= H’A’: OA’, since OA = OA’. 

Since A’M> AM, H’A'>OA’; therefore, if we take K on 
H’A’ so that OA’ = A’K, K will fall between H’ and A’. 

And, by (1), A’M: AM=KM: MH. 


Thus KM : MH = H’'A’: A’K, since A’K = 04’, 
> H’M: MK. 
Therefore H’M.MH < KM’. 


It follows that 
H’M.MH: MH’ < KM’: MH’, 
or A’M: MH<KM’: MH’ 
<A AM* by. (1): 
(6) Since OA’=O04, 
AM. MA <A’. OA, 
or A’M: OA’< 0A: AM 
< H'A’: A’M, by means of (2). 
Therefore AM *<H' AS OA 
= IGA! 0A 
Take a point V on A’A such that 
ALN HAA Ke 
Thus AA GA’ Kuest ANG ALAC Se cons Sonia sd ist (3). 
Also HAAN = AGN ACK 
and, componendo, 
HNGAN= NK A'K, 
whence A'N'*: A'K? =H’'N’*: NK*. 
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Therefore, by (3), 
H'A’: A'/K=H'N’: NK’. 


Now H'’M: MK>H’'N: NK. 
Therefore A’M’?: MK?>H'A’: A’K 
> HAO A" 


> A’M: MA, by (2), as above, 
> OA’+A’M: MEH, by (1), 
>KM: MH. 
Hence H’'M* : MH*=(H’'M’ : MR’).(KM’: MH") 
>(KM : MA).(KM’: MH”). 
It follows that 
H'M: MH > KM?: MH? 
> A’M? : AM}, by (1). 


[The text of Archimedes adds an alternative proof of this 
proposition, which is here omitted because it is in fact neither 
clearer nor shorter than the above. ] 


Proposition 9. 


Of all segments of spheres which have equal surfaces the 
hemisphere is the greatest in volume. 


Let ABA’B’ be a great circle of a sphere, AA’ being 
a diameter, and O the centre. Let the sphere be cut by 
a plane, not passing through O, perpendicular to AA’ (at M), 
and intersecting the plane of the great circle in BB’. The 
segment ABB’ may then be either less than a hemisphere as 
in Fig. 1, or greater than a hemisphere as in Fig. 2. 


Let DED’E’ be a great circle of another sphere, DD’ 
being a diameter and C the centre. Let the sphere be cut by 
a plane through C perpendicular to DD’ and intersecting the 
plane of the great circle in the diameter EL’. 
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Suppose the surfaces of the segment ABB’ and of the 
hemisphere DEE’ to be equal. 


= 

CED 

a 
lL 


Since the surfaces are equal, AB= DE. [I. 42, 43] 
Now, in Fig.1, AB’>2AM?* and <2A0’, 
and, in Fig. 2, AB’? <2AM’ and >2A0?’. 
Hence, if R be taken on AA’ such that 
Z Akt: =. AB 
FR will fall between O and M. 
Also, since AB?= Dk’, AR=CD. 


Produce OA’ to K so that OA’ = A’K, and produce A’A to 

H so that 
A Ke-rAd = 114) AM: 

or, componendo, A’K+A’M:A'M=HM: MA............ (ay: 

Thus the cone HBB’ is equal to the segment ABB’. 

[Prop. 2] 

Again, produce CD to F so that CD= DF, and the cone 

FEE’ will be equal to the hemisphere DEL". [Prop. 2] 


Now AR.RA’>AM.MA’, 
and AR’ =4AB?=4AM. AA’=AM.A'K. 
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Hence 
_ AR.RA’+RA*>AM.MA’+ AM. A’K, 
or AA’.AR>AM.MK 
> HM. A'M, by (1). 
Therefore AA’: A’M>HM: AR, 


or AB’*?: BM’ > HM: AR, 
1. AR’*®: BM’ > HM: 2A4R, since AB? =2A R?, 
>HM : CF. 


Thus, since AR = CD, or CE, 
(circle on diam. FE’) : (circle on diam. BB’) > HM: CF. 
It follows that 

(the cone FEE’) > (the cone HBB’), 


and therefore the hemisphere DEEZ’ is greater in volume than 
the segment ABB’. 


MEASUREMENT OF A CIRCLE. 


Proposition 1. 


The area of any circle is equal to a right-angled triangle in 
which one of the sides about the right angle is equal to the radius, 
and the other to the circumference, of the circle. 


Let ABCD be the given circle, K the triangle described. 


— 


Then, if the circle is not equal to K, it must be either 
greater or less. 


I. If possible, let the circle be greater than XK. 


Inscribe a square ABCD, bisect the arcs AB, BC, CD, DA, 
then bisect (if necessary) the halves, and so on, until the sides 
of the inscribed polygon whose angular points are the points of 
division subtend segments whose sum is less than the excess of 
the area of the circle over K. 
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Thus the area of the polygon is greater than K. 


Let AE be any side of it, and OW the perpendicular on AZ 
from the centre 0. 


Then ON is less than the radius of the circle and therefore 
less than one of the sides about the right angle in K. Also the 
perimeter of the polygon is less than the circumference of the 
circle, i.e. less than the other side about the right angle in K. 


Therefore the area of the polygon is less than K; which is 
inconsistent with the hypothesis. 


Thus the area of the circle is not greater than K. 


II. If possible, let the circle be less than K. 


Circumscribe a square, and let two adjacent sides, touching 
the circle in £, H, meet in T. Bisect the arcs between adjacent 
points of contact and draw the tangents at the points of 
bisection. Let A be the middle point of the arc HH, and FAG 
the tangent at A. 


Then the angle 7AG is a right angle. 
Therefore TG>GA 
> GH. 


It follows that the triangle FTG is greater than half the area 
TEAH. 


Similarly, if the arc AH be bisected and the tangent at the 
point of bisection be drawn, it will cut off from the area GAH 
more than one-half. 


Thus, by continuing the process, we shall ultimately arrive 
at a circumscribed polygon such that the spaces intercepted 
between it and the circle are together less than the excess of 
K over the area of the circle. 


Thus the area of the polygon will be less than K. 


Now, since the perpendicular from O on any side of the 
polygon is equal to the radius of the circle, while the perimeter 
of the polygon is greater than the circumference of the circle, 
it follows that the area of the polygon is greater than the 
triangle K; which is impossible. 
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Therefore the area of the circle is not less than K. 


Since then the area of the circle is neither greater nor less 
than K, it is equal to it. 


Proposition 2. 


The area of a circle is to the square on tts diameter as 11 
to 14, 


[The text of this proposition is not satisfactory, and Archi- 
medes cannot have placed it before Proposition 3, as the 
approximation depends upon the result of that proposition.] 


Proposition 8S. 


The ratio of the circumference of any circle to its diameter 
is less than 34+ but greater than 312. 


[In view of the interesting questions arising out of the 
arithmetical content of this proposition of Archimedes, it is 
necessary, in reproducing it, to distinguish carefully the actual 
steps set out in the text as we have it from the intermediate 
steps (mostly supplied by Eutocius) which it is convenient to 
put in for the purpose of making the proof easier to follow. 
Accordingly all the steps not actually appearing in the text 
have been enclosed in square brackets, in order that it may be 
clearly seen how far Archimedes omits actual calculations and 
only gives results. It will be observed that he gives two 
fractional approximations to /3 (one being less and the other 
greater than the real value) without any explanation as to how 
he arrived at them; and in like manner approximations to the 
square roots of several large numbers which are not complete 
squares are merely stated. These various approximations and 
the machinery of Greek arithmetic in general will be found 
discussed in the Introduction, Chapter IV.] 


I. Let AB be the diameter of any circle, O its centre, AC 
the tangent at A; and let the angle AOC be one-third of a 


right angle. 


94 ARCHIMEDES 


Then OAPAC [HST > 2652103 Vets eens (1), 
and 00: CA[=2 71)= 3062 158... oo... (2). 
First, draw OD bisecting the angle AOC and meeting AC 
in D. 
Now CO: OA=CD: DA, {Eucl. VI. 3] 
so that [(CO+0A:0A=CA: DA, or] 
C0+0A:CA=O0A: AD. 
Therefore [by (1) and (2)] 
OAS ATES 5 SS coe ats coos (3). 
Hence OD’: AD’ [=(0A?+ AD’): AD? 
> (571? + 153°) : 153°] 
> 349450 : 23409, 
so that ODED Acs DOLL LOG cers useouneee sce (4). 


miPpon m 


Secondly, let OF bisect the angle AOD, meeting AD in £. 
[Then DO; OA=DE : LA, 
so that DO+0A:DA=0A: AE] 
Therefore OA: AH[>(591}+4 571) : 153, by (8) and (4)] 
S116): 153 aoa eee (5). 
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[It follows that 
OE? ; EA* > {(11624)? + 153%} : 153" 
> (135053433 + 23409) : 23409 
> 1387394333 : 23409.] 
Thus OLE BA SATIS FA GOs.44.ucee con hovngt (6). 


Thirdly, let OF bisect the angle AOE and meet AZ in F. 


We thus obtain the result [corresponding to (8) and (5) 


above] that 
OA : AF [> (11623 + 11723) : 153] 


SOY TES ES ae ee (7). 
[Therefore OF? : FA’ > {(23344)? + 1537} : 153? 
> 5472132, : 23409.] 
Thus — OF SPARS 283095158 cos shsscceasce oh (8). 
Fourthly, let OG bisect the angle AOF, meeting AF in G. 
We have then 
OA : AG [> (23344 + 23394) : 153, by means of (7) and (8)] 
> 46734 : 153. 
Now the angle ‘400, which is one-third of a right angle, 
has been bisected four times, and it follows that 
Z AOG = 4; (a right angle). 
Make the angle AOH on the other side of VA equal to the 
angle AOG, and let GA produced meet OH in H. 
Then 2 GOH = x, (a right angle). 


Thus GH is one side of a regular polygon of 96 sides cir- 
cumscribed to the given circle. 


And, since OA : AG > 46734 : 153, 
while AB=20A, GH =24G, 
it follows that 
AB : (perimeter of polygon of 96 sides) [> 46733 : 158 x 96] 
> 46734 : 14688. 
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14688 _ 6674 
46734 — 46734 


6674 
E is ara | 


But 38+ 


< 3}. 

Therefore the circumference of the circle (being less than 
the perimeter of the polygon) is a fortiori less than 3} times 
the diameter AB. 

II. Next let AB be the diameter of a circle, and let AC, 
meeting the circle in C, make the angle CAB equal to one-third 
of aright angle. Join BC. 

Then AC? CBil=V3 71] < 13513 780; 

First, let AD bisect the angle BAC and meet BC in d and 
the circle in D. Join BD. 

Then ZBAD=2daAC 

= ZdBD, 
and the angles at D, C are both right angles. 
It follows that the triangles ADB, [ACd], BDd are similar. 


° A 
Therefore AD: DB=BD: Dd 
[= AC: Cd] 
= A BBa [Eucl. VI. 3] 
=AB4+ AC: Bd+Cd 
=AB+AC: BC 
or BA+AC: BC=AD: DB. 
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[But AC: CB<1351 : 780, from above, 
while BA vy BC=2 +" 
= 1560 : 780.] 
Therefore ADesDB a9 1 We 1 80che. tances sce (ay: 
[Hence AB’: BD’ < (2911? + 780’) : 780° 
< 9082321 : 608400.] 
Thus AB BD 3013 IeaiSOn ete ae (2). 


Secondly, let AH bisect the angle BAD, meeting the circle 
in #; and let BE be joined. 


Then we prove, in the same way as before, that 
AE: EB[=BA+AD: BD 
< (30132 + 2911) : 780, by (1) and (2)] 
< 59243 : 780 
< 59243 x 4: 780 x + 
peed ots ened | Lax, Aber eich are (3). 
[Hence AB’: BE” < (1823? + 240°) : 240? 
< 3380929 : 57600.] 

Therefore ABs) DE IUS38- 9, 2: 2h Wes sane nee (4). 
Thirdly, let AF bisect the angle BAK, meeting the circle 
LO de 

"Thus AF: FB(=BA+AE: BE 
< 3661,% : 240, by (8) and (4)] 
< 36612, x 14: 240 x 4 
BLO OTe OU nee ee a (5). 
[It follows that 
AB’ : BF’ < (1007? + 66’) : 66’ 
< 1018405 : 4356.] 

Therefore A Bae Mca O00 OU sne. csaki eines dares (6). 
Fourthly, let the angle BAF be bisected by AG meeting the 
circle in G. 

Then AG: GB[=BA+AF: BF] 

< 20164 : 66, by (5) and (6). 
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[And AB? : BG? < {(20163)? + 667} : 66° 
< 4069284,1, : 4356.] 
Therefore AB : BG < 2017} : 66, 
whence BGO VAB > 66r 20 Pastees. tease rose eees (7). 


[Now the angle BAG which is the result of the fourth bisection 
of the angle BAC, or of one-third of a right angle, is equal to 
one-fortyeighth of a right angle. 


Thus the angle subtended by BG at the centre is 
ay (a right angle).] 
Therefore BG is a side of a regular inscribed polygon of 96 
sides. 


It follows from (7) that 
(perimeter of polygon) : AB [> 96 x 66 : 20171] 


> 6336 : 20171. 


6336 


ae 20174 > 3tt 


Much more then is the circumference of the circle greater than 
342 times the diameter. 


Thus the ratio of the circumference to the diameter 


< 3} but > 312. 


ON CONOIDS AND SPHEROIDS. 


Introduction*. 


“ ARCHIMEDES to Dositheus greeting. 


In this book I have set forth and send you the proofs of the 
remaining theorems not included in what I sent you before, and 
also of some others discovered later which, though I had often 
tried to investigate them previously, I had failed to arrive at 
because I found their discovery attended with some difficulty. 
And this is why even the propositions themselves were not 
published with the rest. But afterwards, when I had studied 
them with greater eare, I discovered what I had failed in 
before. 


Now the remainder of the earlier theorems were propositions 
concerning the right-angled conoid [paraboloid of revolution] ; 
but the discoveries which I have now added relate to an obtuse- 
angled conoid [hyperboloid of revolution] and to spheroidal 
figures, some of which I call oblong (arapapaxea) and others flat 
(émimdatéa). 


I. Concerning the right-angled conoid it was laid down 
that, if a section of a right-angled cone [a parabola] be made to 
revolve about the diameter [axis] which remains fixed and 


* The whole of this introductory matter, including the definitions, is trans- 
lated literally from the Greek text in order that the terminology of Archimedes 
may be faithfully represented. When this has once been set out, nothing will 
be lost by returning to modern phraseology and notation. These will accordingly 
be employed, as usual, when we come to the actual propositions of the treatise. 
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return to the position from which it started, the figure compre- 
hended by the section of the right-angled cone is called a right- 
angled conoid, and the diameter which has remained fixed 
is called its axis, while its vertex is the point in which the 
axis meets (&teraz) the surface of the conoid. And if.a plane 
touch the right-angled conoid, and another plane drawn parallel 
to the tangent plane cut off a segment of the conoid, the base 
of the segment cut off is defined as the portion intercepted by 
the section of the conoid on the cutting plane, the vertex 
[of the segment] as the point in which the first plane touches 
the conoid, and the axis [of the segment] as the portion cut 
off within the segment from the line drawn through the vertex 
of the segment parallel to the axis of the conoid. 


The questions propounded for consideration were 


(1) why, if a segment of the right-angled conoid be cut off 
by a plane at right angles to the axis, will the segment so cut 
off be half as large again as the cone which has the same base 
as the segment and the same axis, and 


(2) why, if two segments be cut off from the right-angled 
conoid by planes drawn in any manner, will the segments so cut 
off have to one another the duplicate ratio of their axes. 


II. Respecting the obtuse-angled conoid we lay down the 
following premisses. If there be in a plane a section of an 
obtuse-angled cone [a hyperbola], its diameter [axis], and the 
nearest lines to the section of the obtuse-angled cone [%.e. the 
asymptotes of the hyperbola], and if, the diameter [axis] 
remaining fixed, the plane containing the aforesaid lines be 
made to revolve about it and return to the position from which 
it started, the nearest lines to the section of the obtuse-angled 
cone [the asymptotes] will clearly comprehend an isosceles cone 
whose vertex will be the point of concourse of the nearest lines 
and whose axis will be the diameter [axis] which has remained 
fixed. The figure comprehended by the section of the obtuse- 
angled cone is called an obtuse-angled conoid [hyperboloid of 
revolution], its axis is the diameter which has remained fixed, 
and its vertex the point in which the axis meets the surface 
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of the conoid. The cone comprehended by the nearest lines to 
the section of the obtuse-angled cone is called [the cone] 
enveloping the conoid (vepiéywy To Kxwvoedés), and the 
straight line between the vertex of the conoid and the vertex 
of the cone enveloping the conoid is called [the line] adjacent 
to the axis (7oreotca 76 dEov). And if a plane touch the 
obtuse-angled conoid, and another plane drawn parallel to the 
tangent plane cut off a segment of the conoid, the base of 
the segment so cut off is defined as the portion intercepted by 
the section of the conoid on the cutting plane, the vertex [of 
the segment] as the point of contact of the plane which touches 
the conoid, the axis [of the segment] as the portion cut off 
within the segment from the line drawn through the vertex of 
the segment and the vertex of the cone enveloping the conoid ; 
and the straight line between the said vertices is called 
adjacent to the axis. 


Right-angled conoids are all similar; but of obtuse-angled 
conoids let those be called similar in which the cones enveloping 
the conoids are similar. 


The following questions are propounded for consideration, 


(1) why, if a segment be cut off from the obtuse-angled 
conoid by a plane at right angles to the axis, the segment so 
cut off has to the cone which has the same base as the segment 
and the same axis the ratio which the line equal to the sum 
of the axis of the segment and three times the line adjacent 
to the axis bears to the line equal to the sum of the axis of 
the segment and twice the line adjacent to the axis, and 


(2) why, if a segment of the obtuse-angled conoid be cut 
off by a plane not at right angles to the axis, the segment so 
cut off will bear to the figure which has the same base as 
the segment and the same axis, being a segment of a cone* 
(arotpapua Kovov), the ratio which the line equal to the sum 
of the axis of the segment and three times the line adjacent 
to the axis bears to the line equal to the sum of the axis of the 
segment and twice the line adjacent to the axis. 


* A segment of a cone is defined later (p. 104). 
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III. Concerning spheroidal figures we lay down the follow- 
ing premisses. Ifa section of an acute-angled cone [ellipse] be 
made to revolve about the greater diameter [major axis] which 
remains fixed and return to the position from which it started, 
the figure comprehended by the section of the acute-angled 
cone is called an oblong spheroid (crapapdxes spatpoesdés). 
But if the section of the acute-angled cone revolve about the 
lesser diameter [minor axis] which remains fixed and return 
to the position from which it started, the figure comprehended 
by the section of the acute-angled cone is called a flat spheroid 
(érimdatd osdatpoeidés). In either of the spheroids the axis 
is defined as the diameter [axis] which has remained fixed, the 
vertex as the point in which the axis meets the surface of the 
spheroid, the centre as the middle point of the axis, and the 
diameter as the line drawn through the centre at right angles 
to the axis. And, if parallel planes touch, without cutting, 
either of the spheroidal figures, and if another plane be drawn 
parallel to the tangent planes and cutting the spheroid, the 
base of the resulting segments is defined as the portion inter- 
cepted by the section of the spheroid on the cutting plane, their 
vertices as the points in which the parallel planes touch the 
spheroid, and their axes as the portions cut off within the 
segments from the straight line joining their vertices, And 
that the planes touching the spheroid meet its surface at one 
point only, and that the straight line joining the points of 
contact passes through the centre of the spheroid, we shall 
prove. Those spheroidal figures are called similar in which 
the axes have the same ratio to the ‘diameters. And let 
segments of spheroidal figures and conoids be called similar if 
they are cut off from similar figures and have their bases 
similar, while their axes, being either at right angles to the 
planes of the bases or making equal angles with the corre- 
sponding diameters [axes] of the bases, have the same ratio 
to one another as the corresponding diameters [axes] of the 
bases. 

The following questions about spheroids are propounded for 
consideration, 

(1) why, if one of the spheroidal figures be cut by a plane 


\ 
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through the centre at right angles to the axis, each of the 
resulting segments will be double of the cone having the same 
base as the segment and the same axis; while, if the plane of 
section be at right angles to the axis without passing through 
the centre, (a) the greater of the resulting segments will bear 
to the cone which has the same base as the segment and the 
same axis the ratio which the line equal to the sum of half the 
. straight line which is the axis of the spheroid and the axis of 
the lesser segment bears to the axis of the lesser segment, and 
(b) the lesser segment bears to the cone which has the same 
base as the segment and the same axis the ratio which the line 
equal to the sum of half the straight line which is the axis 
of the spheroid and the axis of the greater segment bears to the 
axis of the greater segment ; 

(2) why, if one of the spheroids be cut by a plane passing 
through the centre but not at right angles to the axis, each of 
the resulting segments will be double of the figure having the 
same base as the segment and the same axis and consisting of a 
segment of a cone*. 

(3) But, if the plane cutting the spheroid be neither 
through the centre nor at right angles to the axis, (a) the 
greater of the resulting segments will have to the figure 
which has the same “base as the segment and the same axis 
the ratio which the line equal to the sum of half the line 
joining the vertices of the segments and the axis of the’ lesser 
segment bears to the axis of the lesser segment, and (b) the 
lesser segment will have to the figure with the same base 
as the segrient and the same axis the ratio which the line 
equal to the sum of half the line joining the vertices of the 
segments and the axis of the greater segment bears to the axis 
of the greater segment. And the figure referred to is in these 
cases also a segment of a cone*. 

When the aforesaid theorems are proved, there are dis- 
covered by means of them many theorems and problems. 

Such, for example, are the theorems 

(1) that similar spheroids and similar segments both of 


* See the definition of a segment of a cone (drdruaua Kdvov) on p. 104. 
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spheroidal figures and conoids have to one another the triplicate 
ratio of their axes, and 

(2) that in equal spheroidal figures the squares on the 
‘diameters’ are reciprocally proportional to the axes, and, if in 
spheroidal figures the squares on the ‘diameters’ are reciprocally 
proportional to the axes, the spheroids are equal. 

Such also is the problem, From a given spheroidal figure 
or conoid to cut off a segment by a plane drawn parallel to a 
given plane so that the segment cut off is equal to a given cone 
or cylinder or to a given sphere. 


After prefixing therefore the theorems and directions (é7- 
Td&ywata) which are necessary for the proof of them, I will 
then proceed to expound the propositions themselves to you. 
Farewell. 


DEFINITIONS. 

If a cone be cut by a plane meeting all the sides [generators] 
of the cone, the section will be either a circle or a section of an 
acute-angled cone [an ellipse]. If then the section be a circle, 
it is clear that the segment cut off from the cone towards the 
same parts as the vertex of the cone will be a cone. But, if 
the section be a section of an acute-angled cone [an ellipse], let 
the figure cut off from the cone towards the same parts as the 
vertex of the cone be called a segment of a cone. Let the 
base of the segment be defined as the plane comprehended by 
the section of the acute-angled cone, its vertex as the point 
which is also the vertex of the cone, and its axis as the straight 
line joining the vertex of the cone to the centre of the section 
of the acute-angled cone. 


And if a cylinder be cut by two parallel planes meeting all 
the sides [generators] of the cylinder, the sections will be either 
circles or sections of acute-angled cones [ellipses] equal and 
similar to one another. If then the sections be circles, it is 
clear that the figure cut off from the cylinder between the 
parallel planes will be a cylinder. But, if the sections be 
sections of acute-angled cones [ellipses], let the figure cut off 
from the cylinder between the parallel planes be called a 
frustum (rouos) of a cylinder. And let the bases of the 
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frustum be defined as the planes comprehended by the sections 
of the acute-angled cones [ellipses], and the axis as the straight 
line joining the centres of the sections of the acute-angled 
cones, so that the axis will be in the same straight line with 
the axis of the cylinder.” 


Lemma. 


If in an ascending arithmetical progression consisting of the 
magnitudes A,, A,,... An the common difference be equal to the 
least term A,, then 

n.An<2(A,+A,+...+An), 
and >2(A,+A,+...+ An). 


[The proof of this is given incidentally in the treatise On 
Spirals, Prop. 11. By placing lines side by side to represent 
the terms of the progression and then producing each so as to 
make it equal to the greatest term, Archimedes gives the 
equivalent of the following proof. 


lt S,=A,+Aet...+AnitAn; 
we have also S,=An+AnrtAn.t-.-+Ai. 
And Anta An + An, =). Ay, 
Therefore YS, =(n+1) An, 
whence iia levee AN 
and PAGS SoS; 


Thus, if the progression is a, 2a, ... na, 
n(n+1 
Sn = ae a, 
and na < Sp, 


but Ses 


Proposition 1. 


If A,, B,, O,, ...K, and A,, By, Cy, ...K, be two serves of 
magnitudes such that 
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and if A;, B;, Cs,...Ks and A,, By, Cy, ...K4 be two other serves 
such that 
As sAneisAgAy, 
B,: B,; =B,:B,, and so on 


then (A, +B,+C,+... +4) :(As+ B+ OC, +... + Ks) 
=(A,+B,+0,+...4+K.):(A,+ Biot... + Ky). 


The proof is as follows. 


Since Aa eA =A AG, 

and WA, by ee eg 

while B, 2B; = By 8, 

we have, ec aequali, A,:B,=A,:B,. _ oy 
Similarly B,: C, = B,:C,, and so on 


Again, it follows from equations (a) that 
Ag he BOD, aC. See. 
Therefore 
A,:A,=(4,+B,+¢,4+...+ K):(4.4+ B+... + K,), 
or (A, +B,4+O,4+...4+ K)):A,=(4.4+ B4+ 0,4... + K,): Ay; 
and A Ap= AAs 
while from equations (ry) it follows in like manner that 
A;:(A,;+B;+0,;+...+ K3)=Ag: (Ag+ Byt+ Ci +... + Ky). 
By the last three equations, ex aequali, 
(4,4+B,+0,4+...+4):(4;+ B+ 0,+...+K;) 
=(A,+ B,+ O,4+...4+ K,):(A,+ Bet O,+...+ Ky). 
Cor. If any terms in the third and fourth series corre- 
sponding to terms in the first and second be left out, the 


result is the same. For example, if the last terms K;, K, are 
absent, 


(A,+B,+O,+...+ 4) :(A;+ B+ O,4+... +73) 
=(A,+B,4+C,+...+ K.):(A,+B,4+O4+...4+ 14), 


where J immediately precedes K in each series. 
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Lemma to Proposition 2. 


[On Spirals, Prop. 10.] 


If A,, Az, As, ...An be n lines forming an ascending 
arithmetical progression in which the common difference is equal 
to the least term A,, then 


(n+ 1)A,?+ A,(A, + A.+ As +...+ An) 
=3(A?+47+AP+...+ Ap). 


a aE 


Ai As An-3 An-2 An-1 


e @ © 4) Je 6 


| 
An An-14..-3 Ag Ae Ai 


Let the lines An, An, An-2, ...4, be placed in a row 
from left to right. Produce An, An», ...A, until they are 
each equal to A,, so that the parts produced are respectively 
equal to A,, A, ...An.- 


Taking each line successively, we have 
2Ag = 2Aae 
(A, + An-)’ = 41° + AX t+ 24). An, 
(A, + An) = Ay + AX, + 2A. Ans, 


Pome eee eee eee ees HFEF OE Hsr eee eeereseoHEDeHOHE® 


(Ane: ar A.) — A es P Ay aR 2A : A. 
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And, by addition, 
(n+ 1)A,?=2(AP +A? 4+... + An’) 
+94) Ana + 2A Ay 5 +P cAge Ay: 


Therefore, in order to obtain the required result, we have to 
prove that 


2(A,.An y+Ay. Anot-.-+Ana-4:)+Ai(Ai+4,+Ast+... +An) 
we A AS eee tA eweronaers te (a). 
Now 24,.An.=A,.4An-2, because A,= 2A), 
9A,-Ans=A,.6A,-,, because A; = 3A), 


2An—-+. A, =A;,. 2(n—1) Ay. 
It follows that 
2(A,.AnatAz-Anot...+An-A:)+A,(A, + A.+... +An) 
= A,{A,+3An.+5Anot... +(2n—1)A)}. 
And this last expression can be proved to be equal to 
A?+A,’+...+ An’ 
Hors GAy,=-A;(., A.) 
= A,{A,+(n—1)A,} 
=A, {An +2(AnitAnst+...+ Ar}, 
because (n —1) An = An + A, 
+ An++ A, 


+A, + A,op 
Similarly A, = Ai{An+a+2(An»o+ Ans +... + Ai}, 


Pee e ooo rere reese eeeeseseseee 


A, = A,(A,+ 24;), 
Ace wAne elds 
whence, by addition, 
A?~+Ai+ Aft. t 4! 
= A,{[An+3Ana + 5An+ t+... +(2n—1)Aj}. 
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Thus the equation marked (a) above is true; and it follows 
that 


(n+1)A,’+4,(4,+4,+ A,+...+4,)=38(A?+A,?+...4+A,”). 
Cor. 1. From this it is evident that 
. An < 3(Ay + Ad +... FAn*) ccccrersoeees (1). 
Also A,’ =A,{An+2(AnitAnst-..+A,)}, as above, 
so that A,?>A,(An+Anit...+A)), 
and therefore 
A,2+A,(A,+ A,+...+An)<2Ay’. 
It follows from the proposition that 
n. A,’ SOA Age T Agnt 66S A yg) ides wettecoounse at (2). 
Cor. 2. All these results will hold if we substitute semilar 


figures for squares on all the lines; for similar figures are in the 
duplicate ratio of their sides. 


[In the above proposition the symbols A,, A,, ...An have 
been used instead of a, 2a, 3a, ...na in order to exhibit the 
geometrical character of the proof; but, if we now substitute 
the latter terms in the various results, we have (1) 
(n+1)n?@+a(a+2a+... +na) 

=3 {a? + (2a) + (3a) +... + (na)}. 
Therefore a? + (2a) + (8a)? +... + (na)? 


=F {ering EO 


wale n(n +1)(2n +1) 
= ° 6 . 


Also (2) <3 (1? +274 37+... +n”), 
and (3) esi Ve atten 1|")] 


* 
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Proposition 2. 
If A,, A,... A, be any number of areas such that* 
A, =ax4+ 2’, 
A, =a. 2% + (2x), 
A,=a.32 + (32), 


weer reo ereereeeeeseone 


Ay,=a.nz +(nz)’, 
then ne Ant (Art Ast oo + An) < (at na): (54%), 


and 0. An: (Ay+Ay+...+Aga)> (a+ ne): (+5): 
For, by the Lemma immediately preceding Prop. 1, 
nN.ane< 2(ax+a.2e4+...+4.n2), 
and >2(ax+a.2e4-...+a.n—12). 
Also, by the Lemma preceding this proposition, 
n.(nx)’ <3 {a + (2x)? + (3x) + ... + (na)?} 
and > 8 (a? + (Qe)? +... +(n—12)}. 
Hence 


ane MOO! — [an +o") + (a. 204 Roy} +... + {a.nw+(na)'I] 


and 
> [(aa+ x) + {a. 2a + (2x)"} + ...4+fa.n-la+(n—12)}], 
2 EONS 
Be) <A,+A,+...+ An, 
and >A, +A,+...+ Ano. 
It follows that 


n. Ay: (At Ar+...+ An) <n fa. ne +(ne)%} fr G, 


or 


2 3 
or m.Ant (Art dato. +An) <(a-tna): (5+); 
also mda: (Ait Aston. + Ana) >(a+ne): (5+), 


* The phraseology of Archimedes here is that associated with the traditional 
method of application of areas: ef xa...rap’ éxdoray adray mapaméon te xwplov 
UmepBdddov elder rerparydvy, ‘if to each of the lines there be applied a space 
[rectangle] exceeding by a square figure.” Thus A; is a rectangle of height « ap- 
plied to a line a but overlapping it so that the base extends a distance x beyond a. 
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Proposition 3. 


(1) Jf TP, TP’ be two tangents to any conic meeting in T, 
and uf Qq, Q’q be any two chords parallel respectively to TP, 
TP’ and meeting in O, then 


QOS00:-0 O09 =L PAO TPs 
“ And this is proved in the elements of conics*.” 


(2) If QQ’ bea chord of a parabola bisected in V by the 
diameter PV, and if PV be of constant length, then the areas of 
the triangle PQQ’ and of the segment PQQ’ are both constant 
whatever be the direction of QQ’. 


Let ABB’ be the particular segment of the parabola whose 
vertex is A, so that BB’ is bisected perpendicularly by the axis 
at the point H, where AH=PV. 


Draw QD perpendicular to PV. 


Let pz be the parameter of the principal ordinates, and let 
p be another line of such length that 


QV? : QD?=p: pa; 
it will then follow that p is equal to the parameter of the ordi- 
nates to the diameter PV, i.e. those which are parallel to QV. 


* i.e. in the treatises on conics by Aristaeus and Euclid. 


‘ 
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“ For this is proved in the conics*.” 


Thus QV? =p.PV. 

And BH? =p,.AH, while AH=PYV. 
Therefore QV*: BH* =p: pa. 

But OV* = OD i =p: pas 
hence BH =QD. 

Thus BH. AH =QD.PYV, 
and therefore KABB=APQQ': 


that is, the area of the triangle PQQ’ is constant so long as PV 
is of constant length. 


Hence also the area of the segment PQQ’ is constant under 
the same conditions; for the segment is equal to 4A PQQ’. 
[Quadrature of the Parabola, Prop. 17 or 24.] 


* The theorem which is here assumed by Archimedes as known can be 
proved in various ways. 

(1) It is easily deduced from Apollonius I. 49 (cf. Apollonius of Perga, 
pp. lili, 39). If in the figure the tangents at A and P be drawn, the former 
meeting PV in E, and the latter meeting the axis in 7, and if AE, PT meet 
at C, the proposition of Apollonius is to the effect that 

CIO BIT EID YO 2 Uh 
where p is the parameter of the ordinates to PV. 

(2) It may be proved independently as follows. 


Let QQ’ meet the axis in O, and let QM, Q’M’, PN be ordinates to the axis. 


Then AM: AM’=QM?: Q'M”=0M?:0M”, 
whence AM: MM’=0OM?: OM?-OM"” 
=OM?:(OM-OM"’). MM’, 
so that OM*=AM .(OM-OM’). 
That istosay, (AM-AO)?=AM.(AM+AM’-240), 
or AO*=AM,.AM’. 
And, since QM?=p,.AM, and Q’U”"=p,.AM’, 
it follows that OME ORM AO Rn, neerestesan atone ok ee eeneeae Oe (a). 
Now OVZTOD2—= Oar (ery 


=QV?: (Coe) sem. eu’ 


=QV?:(PN?+QM. Q'M’) 
=p.PV:p,.(AN+A0), by (a). 
But PV=TO=AN+A0. 
Therefore OV2 QOD? =p pu. 
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Proposition 4. 
The area of any ellipse is to that of the auxiliary circle as 
the minor aais to the major. 


Let AA’ be the major and BB’ the minor axis of the 
ellipse, and let BB’ meet the auxiliary circle in 6, b’. 


Suppose O to be such a circle that 
(circle AbA’b’): O=CA: CB. 
Then shall O be equal to the area of the ellipse. 
For, if not, O must be either greater or less than the 
ellipse. 
I. If possible, let O be greater than the ellipse. 


We can then inscribe in the circle O an equilateral polygon 
of 4n sides such that its area is greater than that of the ellipse. 
[cf. On the Sphere and Cylinder, I. 6.] 


Let this be done, and inscribe in the auxiliary circle of the 
ellipse the polygon AefbghA’... similar to that inscribed in 0. 
Let the perpendiculars eM, fN,... on AA’ meet the ellipse in 
E, F,... respectively. Join AH, EF, FB..... 


Suppose that P’ denotes the area of the polygon inscribed 
in the auxiliary circle, and P that of the polygon inscribed in 
the ellipse. 


114 ARCHIMEDES 

Then, since all the lines eM, fN,... are cut in the same 
proportions at L, F’,..., 
1.€. eM: EM=fN: FN=...=0C: BC, 


the pairs of triangles, as eA M, HAM, and the pairs of trapeziums, 
as eMNf, EMNF, are all in the same ratio to one another 
as bC to BC, or as CA to CB. 


Therefore, by addition, 
PULP = CARICB. 
Now P’ : (polygon inscribed in 0) 
= (circle AbA’d’): O 
=CA : OB, by hypothesis. 
Therefore P is equal to the polygon inscribed in 0. 


But this is impossible, because the latter polygon is by 
hypothesis greater than the ellipse, and a fortiort greater 
than P. 


Hence 0 is not greater than the ellipse. 


II. If possible, let O be less than the ellipse. 


In this case we inscribe in the ellipse a polygon P with 4n 
equal sides such that P > 0. 


Let the perpendiculars from the angular points on the 
axis AA’ be produced to meet the auxiliary circle, and let the 
corresponding polygon (P’) in the circle be formed. 


Inscribe in O a polygon similar to P’. 

Then OSPR = CAy CB 
=(circle AbA’b’) : O, by hypothesis, 
= P’: (polygon inscribed in QO), 


Therefore the polygon inscribed in O is equal to the 
polygon P; which is impossible, because P > 0. 


Hence O, being neither greater nor less than the ellipse, is 
equal to it; and the required result follows. 


ON CONOIDS AND SPHEROIDS. 115 


Proposition 5. 


If AA’, BB’ be the major and minor axis of an ellipse 
respectively, and if d be the diameter of any circle, then 
(area of ellipse) : (area of circle) = AA’. BB’: d®. 

For ‘ 
(area of ellipse) : (area of auxiliary circle) = BB’: AA’ [Prop. 4] 
esac nso v ee ave ales 

And 

(area of aux. circle) : (area of circle with diam. d)= AA”: a’. 


Therefore the required result follows ex aequali. 


Proposition 6. 


The areas of ellipses are as the rectangles under their axes. 
This follows at once from Props. 4, 5. 


Cor. The areas of simular ellipses are as the squares of 
corresponding axes. 


a 
Proposition 7. 


Given an ellipse with centre C, and a line CO drawn per- 
pendicular to its plane, it 1s possible to find a circular cone 
with vertez O and such that the given ellipse is a section of rt 
{or, in other words, to find the circular sections of the cone with 
vertex O passing through the circumference of the ellipse]. 

Conceive an ellipse with BB’ as its minor axis and lying in 
a plane perpendicular to that of the paper. Let CO be drawn 
perpendicular to the plane of the ellipse, and let O be the 
vertex of the required cone. Produce OB, OC, OB’, and in the 
same plane with them draw BHD meeting OC, OB’ produced 
in £, D respectively and in such a direction that 

BE.ED : EO* = CA’ : CO’, 
where CA is half the major axis of the ellipse. 
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“ And this is possible, since 
BE.ED: EO*>BC.CB' : CO.” 


[Both the construction and this proposition are assumed as 
known. | 


Now conceive a circle with BD as diameter lying in a plane 
at right angles to that of the paper, and describe a cone with 
this circle for its base and with vertex 0. 


We have therefore to prove that the given ellipse is a 
section of the cone, or, if P be any point on the ellipse, that P 
lies on the surface of the cone. 


Draw PN perpendicular to BB’. Join ON and produce it 
to meet BD in M, and let MQ be drawn in the plane of the 
circle on BD as diameter perpendicular to BD and meeting the 
circle in @. Also let FG, HK be drawn through LH, M respec- 
tively parallel to BB’. 


We have then 
QM’?: HM.MK=BM.MD: HM.MK 
= BE.ED: FE. EG 
=(BE. ED: EO’).(£O0’: FE. EG) 
= (CA*: CO*)3(CO*? BC. CB’) 
= CAN CB* 
= PN BNEW Be 
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Therefore QM’: PN? =HM.MK: BN. NB’ 
=OM* ON": 
whence, since PN, QM are parallel, OPQ is a straight line. 


But Q is on the circumference of the circle on BD as 
diameter; therefore OQ is a generator of the cone, and hence 
P lies on the cone. | 


Thus the cone passes through all points on the ellipse. 


Proposition 8. 


Given an ellipse, a plane through one of its axes AA’ and 
perpendicular to the plane of the ellipse, and a line CO drawn 
Jrom C, the centre, in the given plane through AA’ but not 
perpendicular to AA’, tt is possible to find a cone with vertex U 
such that the given ellipse is a section of tt [or, in other words, 
to find the circular sections of the cone with vertex O whose 
surface passes through the circumference of the ellipse]. 


By hypothesis, OA, OA’ are unequal. Produce OA’ to D so 
that OA =OD. Join AD, and draw FG through C parallel to it. 


The given ellipse As to be supposed to lie in a plane per- 
pendicular to the plane of the paper. Let BB’ be the other 
axis of the ellipse. 


Conceive a plane through AD perpendicular to the plane 
of the paper, and in it describe either (a), if CB*’=FC.CG, a 
circle with diameter AD, or (6), if not, an ellipse on AD as 
axis such that, if d be the other axis, 


d?: AD? =CB’ : FC. CG. 


Take a cone with vertex O whose surface passes through 
the circle or ellipse just drawn. This is possible even when the 
curve is an ellipse, because the line from O to the middle point 
of AD is perpendicular to the plane of the ellipse, and the 
construction is effected by means of Prop. 7. 


Let P be any point on the given ellipse, and we have only 
to prove that P lies on the surface of the cone so described. 
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Draw PN perpendicular to AA’. Join ON, and produce it 
to meet AD in M. Through M draw HK parallel to A’A. 


K 


Lastly, draw MQ perpendicular to the plane of the paper 
(and therefore perpendicular to both HK and AD) meeting the 
ellipse or circle about AD (and therefore the surface of the cone) 


in Q. 
Then 
QM’: HM.MK =(QM’*: DM.MA).(DM.MA: HM.MK) 
=(d. AD) (fC.CG 24. CA) 
= (CBI kC.CG).GC. CGa.A ClCA) 
= CB’: CA* 
= PN* SANGRIA: 
Therefore, alternately, 
QM’: PN’°’=HM.MK:A'N.NA 
= (iM? ONG: 
Thus, since PN, QM are parallel, OPQ is a straight line; 


and, @ being on the surface of the cone, it follows that P is also 
on the surface of the cone. 


Similarly all points on the ellipse are also on the cone, and 
the ellipse is therefore a section of the cone. 


ON CONOIDS AND SPHEROIDS. 119 


Proposition 9. 


Given an ellipse, a plane through one of its axes and perpen- 
dicular to that of the ellipse, and a straight line CO drawn from 
the centre C of the ellipse in the given plane through the axis but 
not perpendicular to that axis, it is possible to find a cylinder 
with axis OC such that the ellipse is a section of tt [or, in other 
words, to find the circular sections of the cylinder with axis OC 
whose surface passes through the circumference of the given 
ellipse]. 

Let AA’ be an axis of the ellipse, and suppose the plane 
of the ellipse to be perpendicular to that of the paper, so that 
OC lies in the plane of the paper. 


A c N A 


Draw AD, A’E parallel to CO, and let DE be the line 
through O perpendicular to both AD and A’E. 

We have now three different cases according as the other 
axis BB’ of the ellipse is (1) equal to, (2) greater than, or 
(3) less than, DE. 

(1) Suppose BB’ = DE. 

Draw a plane through DF at right angles to OC, and in 
this plane describe a circle on DE as diameter. Through this 
circle describe a cylinder with axis OC. 

This cylinder shall be the cylinder required, or its surface 
shall pass through every point P of the ellipse. 

For, if P be any point on the ellipse, draw PN perpendicular 
to AA’; through NV draw NM parallel to CO meeting DE in 
M, and through JM, in the plane of the circle on DE as diameter, 
draw MQ perpendicular to DE, meeting the circle in Q. 
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Then, since DE = BB’, 
PN*: ANGNA = DO" AC sCAq 
And DM.ME: AN.NA’=D0*: AC’, 
since AD, NM, CO, A’'E are parallel. 
Therefore PN*=DM.ME 
= QM’, 


by the property of the circle. 


Hence, since PN, QM are equal as well as parallel, PQ is 
parallel to MN and therefore to CO. It follows that PQ is a 


generator of the cylinder, whose surface accordingly passes 
through P. 


(2) If BB’> DE, we take E’ on A’E such that DE’ = BB’ 
and describe a circle on DE’ as diameter in a plane perpen- 
dicular to that of the paper; and the rest. of the construction 
and proof is exactly similar to those given for case (1). 

(3) Suppose BB’ < DE. 

Take a point K on CO produced such that 

DO? — CB’ = OR?. 

From K draw KF perpendicular to the plane of the paper 
and equal to OB. 

Thus OR? = OK’ + CB? = OD*. 


A Cc N A’ 


In the plane containing DE, OR describe a circle on DE as 
diameter. Through this circle (which must pass through R) 
draw a cylinder with axis OC. 
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We have then to prove that, if P be any point on the given 
ellipse, P lies on the cylinder so described. 

Draw PN perpendicular to AA’, and through V draw NM 
parallel to CO meeting DE in-M. In the plane of the circle on 
DE as diameter draw MQ perpendicular to DE and meeting 
the circle in Q. 

Lastly, draw QH perpendicular to NM produced. QH will 
then be perpendicular to the plane containing AC, DE, i.e. the 
plane of the paper. 


Now QH*: QM’ = KR?’ : OR’, by similar triangles. 
And QM’: AN.NA’=DM.ME: AN.NA’ 
=O) CAs 


Hence, ex aequali, since OR = OD, 
ORS ANS A= Khia A* 
= CB’: CA? 
= PN*: ANNA’. 
Thus QH=PN. And QH, PN are also parallel. Accordingly 
PQ is parallel to MN, and therefore to CO, so that PQ is a 
generator, and the cylinder passes through P. 


, Proposition 10. 


It was proved by the earlier geometers that any two cones 
have to one another the ratio compounded of the ratios of their 
bases and of their heights*. The same method of proof will 
show that any segments of cones have to one another the ratio 
compounded of the ratios of their bases and of their heights. 


The proposition that any ‘frustum’ of a cylinder is triple 
of the conical segment which has the same base as the frustum 
and equal height is also proved in the same manner as the 
proposition that the cylinder is triple of the cone which has 
the same base as the cylinder and equal heightt. 


* This follows from Eucl. x11. 11 and 14 taken together. Cf. On the Sphere 


and Cylinder 1, Lemma 1. 
+ This proposition was proved by Eudoxus, as stated in the preface to On 


the Sphere and Cylinder 1. Cf. Eucl. xir. 10. 
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Proposition 11. 


(1) Ifa paraboloid of revolution be cut by a plane through, 
or parallel to, the axis, the section will be a parabola equal to the 
original parabola which by its revolution generates the parabolovd. 
And the axis of the section will be the intersection between the 
cutting plane and the plane through the amis of the paraboloid 
at right angles to the cutting plane. 


If the paraboloid be cut by a plane at right angles to its 
axis, the section will be a circle whose centre is on the axis. 


(2) Ifa hyperboloid of revolution be cut by a plane through 
the axis, parallel to the axis, or through the centre, the section 
will be a hyperbola, (a) if the section be through the ass, equal, 
(b) of parallel to the aais, similar, (c) if through the centre, 
not similar, to the original hyperbola which by its revolution 
generates the hyperboloid. And the aais of the section will be 
the intersection of the cutting plane and the plane through the 
axis of the hyperboloid at right angles to the cutting plane. 


Any section of the hyperboloid by a plane at right angles to 
the axis will be a curcle whose centre is on the axis. 


(3) Lf any of the spheroidal figures be cut by a plane through 
the aas or parallel to the axis, the section will be an ellipse, 
(a) of the section be through the aais, equal, (b) if parallel to the 
ass, similar, to the ellipse which by its revolution generates the 
figure. And the amis of the section will be the intersection of the 
cutting plane and the plane through the aais of the spheroid 
at right angles to the cutting plane. 


If the section be by a plane at right angles to the axis of the 
spherovd, it will be a circle whose centre is on the axis. 


(4) If any of the sard figures be cut by a plane through the 
axis, and uf a perpendicular be drawn to the plane of section 
from any point on the surface of the figure but not on the section, 
that perpendicular will fall within the section. 

“ And the proofs of all these propositions are evident.” * 


* Cf. the Introduction, chapter 111. § 4. 
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Proposition 12. 


If a paraboloid of revolution be cut by a plane neither parallel 
nor perpendicular to the axis, and if the plane through the amis 
perpendicular to the cutting plane intersect it in a straight line 
of which the portion intercepted within the paraboloid is RR’, 
_ the section of the paraboloid will be an ellipse whose major axis 
is RR’ and whose minor axis is equal to the perpendicular 
distance between the lines through R, R’ parallel to the aais 
of the paraboloid. 


Suppose the cutting plane to be perpendicular to the plane 
of the paper, and let the latter be the plane through the axis 
ANF of the paraboloid which intersects the cutting plane at 
right angles in RR’. Let RH be parallel to the axis of the 
paraboloid, and R’H perpendicular to RH. 


Let Q be any point on the section made by the cutting 
plane, and from Q draw QM perpendicular to RR’. QM will 
therefore be perpendicular to the plane of the paper. 


Through M draw DMFE perpendicular to the axis ANF 
meeting the parabolig section made by the plane of the paper 
in D, E. Then QM is perpendicular to DEH, and, if a plane be 
drawn through DE, QM, it will be perpendicular to the axis 
and will cut the paraboloid in a circular section. 


Since Q is on this circle, 
QM’? =DM. ME. 
Again, if PT be that tangent to the parabolic section in the 
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plane of the paper which is parallel to R.A’, and if the tangent 
at A meet PT in O, then, from the property of the parabola, 
DM.ME: RM.MR'=A0?: OP? [Prop. 3 (1)] 
= AO’: OT’, since AN = AT. 
Therefore QM’: RM.MR’= AO’: OT? 
weve hehe, 
by similar triangles. 


Hence Q lies on an ellipse whose major axis is RR’ and 
whose minor axis is equal to R’H. 


Propositions 13, 14. 


If a hyperboloid of revolution be cut by a plane meeting all 
the generators of the enveloping cone, or if an ‘oblong’ spheroid 
be cut by a plane not perpendicular to the axis*, and if a plane 
through the axis intersect the cutting plane at right angles in a 
straight line on which the hyperboloid or spheroid intercepts 
a length RR’, then the section by the cutting plane will be an 
ellipse whose major axis is RR’. 


Suppose the cutting plane to be at right angles to the 
plane of the paper, and suppose the latter plane to be that 


* Archimedes begins Prop. 14 for the spheroid with the remark that, when the 


cutting plane passes through or is parallel to the axis, the case is clear (dfXov). 
Cf. Prop. 11 (3). 
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through the axis ANF which intersects the cutting plane 
at right angles in RR’. The section of the hyperboloid or 
spheroid by the plane of the paper is thus a hyperbola or ellipse 
having AVF for its transverse or major axis. 


Take any point on the section made by the cutting plane, 
as Q, and draw QM perpendicular to RR’. QM will then 
be perpendicular to the plane of the paper. 


Through M draw DFE at right angles to the axis ANF 
meeting the hyperbola or ellipse in D, #; and through QM, 
DE \et a plane be described. This plane will accordingly be 
perpendicular to the axis and will cut the hyperboloid or 
spheroid in a circular section. 


Thus QM*=DM. ME. 
Let PT be that tangent to the hyperbola or ellipse which 
is parallel to RR’, and let the tangent at A meet PT in O. 
Then, by the property of the hyperbola or ellipse, 
DM ME: RM OMR = O0A*: OP, 
or QM’: RM.MR’ = OA? OP’. 
Now (1) in the hyperbola OA < OP, because AT’< AN*, and 
accordingly O7’< OP, while OA < O7, 
(2) in the ellipse, if KK’ be the diameter parallel to RR’, 
and BB’ the minor axis, 
BC CCB edo Ch =iVArO0P® : 
and BC.CB’ < KC.CK’,so that OA < OP. 
Hence in both cases the locus of @ is an ellipse whose major 
axis is RR’. 
Cor. 1. If the spheroid be a ‘flat’ spheroid, the section will 


be an ellipse, and everything will proceed as before except that 
RR’ will in this case be the minor axis. 


Cor. 2. In all conoids or spheroids parallel sections will be 
similar, since the ratio OA’: OP’ is the same for all the 
parallel sections. 


* With reference to this assumption cf. the Introduction, chapter 111. § 3. 
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Proposition 15. 


(1) If from any point on the surface of a conoid a line be 
drawn, in the case of the paraboloid, parallel to the axis, and, im 
the case of the hyperboloid, parallel to any line passing through 
the verter of the enveloping cone, the part of the straight line 
which is in the same direction as the convexity of the surface will 
fall without it, and the part which is in the other direction 
within rt. 

For, if a plane be drawn, in the case of the paraboloid, 
through the axis and the point, and, in the case of the hyperbo- 
loid, through the given point and through the given straight 
line drawn through the vertex of the enveloping cone, the 
section by the plane will be (a) in the paraboloid a parabola 
whose axis is the axis of the paraboloid, (b) in the hyperboloid 
a hyperbola in which the given line through the vertex of the 
enveloping cone is a diameter *. [Prop. 11] 

Hence the property follows from the plane properties of the 
conics. 


(2) If a plane touch a conoid without cutting rt, wt will 
touch wt at one point only, and the plane drawn through the 
point of contact and the ams of the conoid will be at right 
angles to the plane which touches tt. 


For, if possible, let the plane touch at two points. Draw 
through each point a parallel to the axis. The plane passing 
through both parallels will therefore either pass through, or be 
parallel to, the axis. Hence the section of the conoid made by 
this plane will be a conic [Prop. 11 (1), (2)], the two points 
will lie on this conic, and the line joining them will lie within 
the conic and therefore within the conoid. But this line 
will be in the tangent plane, since the two points are in it. 
Therefore some portion of the tangent plane will be within 
the conoid; which is impossible, since the plane does not 
cut it. 

* There seems to be some error in the text here, which says that ‘the 
diameter” (i.e. axis) of the hyperbola is ‘the straight line drawn in the conoid 


from the vertex of the cone.” But this straight line is not, in general, the 
axis of the section. 
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Therefore the tangent plane touches in one point only. 


That the plane through the point of contact and the axis is 
perpendicular to the tangent plane is evident in the particular 
case where the point of contact is the vertex of the conoid. 
For, if two planes through the axis cut it in two conics, the 
tangents at the vertex in both conics will be perpendicular 
to the axis of the conoid. And all such tangents will be in the 
tangent plane, which must therefore be perpendicular to the 
axis and to any plane through the axis. 


If the point of contact P is not the vertex, draw the plane 
passing through the axis AW and the point P. 
It will cut the conoid in a conic whose axis is 
AWN and the tangent plane in a line DPE 
touching the conic at P. Draw PNP’ perpen- 
dicular to the axis, and draw a plane through it 
also perpendicular to the axis. This plane will 
make a circular section and meet the tangent 
plane in a tangent to the circle, which will 
therefore be at right angles to PN. Hence the 
tangent to the circle will be at right angles to the plane 
containing PN, AN; and it follows that this last plane is 
perpendicular to the tangent plane. 


S 


Proposition 16. 


(1) Jf a plane touch any of the spheroidal figures without 
cutting it, it will touch at one point only, and the plane through 
the point of contact and the axis will be at right angles to the 
tangent plane. 

This is proved by the same method as the last proposition. 

(2) If any conoid or spheroid be cut by a plane through the 
axis, and if through any tangent to the resulting conic a plane be 
erected at right angles to the plane of section, the plane so erected 
will touch the conoid or spheroid in the same point as that in 
which the line touches the conic. 

For it cannot meet the surface at any other point. If it 
did, the perpendicular from the second point on the cutting 
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plane would be perpendicular also to the tangent to the conic 
and would therefore fall outside the surface. But it must fall 
within it. [Prop. 11 (4)] 


(3) If two parallel planes touch any of the spheroidal 
figures, the line joining the points of contact will pass through 
the centre of the spherord. 


If the planes are at right angles to the axis, the proposition 
is obvious. If not, the plane through the axis and one point of 
contact is at right angles to the tangent plane at that point. 
It is therefore at right angles to the parallel tangent plane, and 
therefore passes through the second point of contact. Hence 
both points of contact lie on one plane through the axis, and 
the proposition is reduced to a plane one. 


Proposition 17. 


If two parallel planes touch any of the spheroidal figures, 
and another plane be drawn parallel to the tangent planes and 
passing through the centre, the line drawn through any point of 
the circumference of the resulting section parallel to the chord 
of contact of the tangent planes will fall outside the spheroid. 


This is proved at once by reduction to a plane proposition. 


Archimedes adds that it is evident that, if the plane 
parallel to the tangent planes does not pass through the 
centre, a straight line drawn in the manner described will 
fall without the spheroid in the direction of the smaller 
segment but within it in the other direction. 


Proposition 18. 


Any spheroidal figure which is cut by a plane through the 
centre is divided, both as regards its surface and its volume, into 
two equal parts by that plane. 


To prove this, Archimedes takes another equal and similar 
spheroid, divides it similarly by a plane through the centre, and 
then uses the method of application. 
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Propositions 19, 20. 


Given a segment cut off by a plane from a paraboloid or 
hyperboloid of revolution, or a segment of a spheroid less than 
half the spheroid also cut off by a plane, it is possible to inscribe 
in the segment one solid figure and to circumscribe about it 
another solid figure, each made up of cylinders or ‘frusta’ of 
- cylinders of equal height, and such that the circumscribed figure 
exceeds the inscribed figure by a volume less than that of any 
gwen solid. 

Let the plane base of the segment be perpendicular to the 
plane of the paper, and let the plane of the paper be the plane 
through the axis of the conoid or spheroid which cuts the base 
of the segment at right angles in BC. The section in the plane 
of the paper is then a conic BAC. [Prop. 11] 

Let HAF be that tangent to the conic which is parallel to 
BC, and let A be the point of contact. Through HAF draw 
a plane parallel to the plane through BC bounding the 
segment. The plane so drawn will then touch the conoid 
or spheroid at A. [Prop. 16] 

(1) If the base of the segment is at right angles to the 
axis of the conoid or spheroid, A will be the vertex of the 
conoid or spheroid, and its axis AD will bisect BC at right 
angles. 

(2) Ifthe base of the segment is not at right angles to the 
axis of the conoid or spheroid, we draw AD 

(a) in the paraboloid, parallel to the axis, 

(6) in the hyperboloid, through the centre (or the vertex of 
the enveloping cone), 

(c) in the spheroid, through the centre, 
and in all the cases it will follow that AD bisects BC in D. 

Then A will be the vertex of the segment, and AD will be 
its axis. 

Further, the base of the segment will be a circle or an 


ellipse with BC as diameter or as an axis respectively, and 
with centre D. We can therefore describe through this circle 
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or ellipse a cylinder or a ‘frustum’ of a cylinder whose axis is 
p y 


AD. [Prop. 9] 


Dividing this cylinder or frustum continually into equal 
parts by planes parallel to the base, we shall at length arrive 
at a cylinder or frustum less in volume than any given solid. 

Let this cylinder or frustum be that whose axis is OD, and 
let AD be divided into parts equal to OD, at L, M,..... Through 
L, M,... draw lines parallel to BC meeting the conic in P, Q...., 
and through these lines draw planes parallel to the base of the 
segment. These will cut the conoid or spheroid in circles or 
similar ellipses. On each of these circles or ellipses describe 
two cylinders or frusta of cylinders each with axis equal to OD, 
one of them lying in the direction of A and the other in the 
direction of D, as shown in the figure. 

Then the cylinders or frusta of cylinders drawn in the 
direction of A make up a circumscribed figure, and those in 
the direction of D an inscribed figure, in relation to the 
segment. 

Also the cylinder or frustum PG in the circumscribed figure 
is equal to the cylinder or frustum PH in the inscribed figure, 
QI in the circumscribed figure is equal to QK in the inscribed 
figure, and so on. 

Therefore, by addition, 

(circumscribed fig.) = (inser. fig.) 
+ (cylinder or frustum whose axis is OD). 

But the cylinder or frustum whose axis is OD is less than 
the given solid figure ; whence the proposition follows. 


“Having set out these preliminary propositions, let us 
proceed to demonstrate the theorems propounded with reference 
to the figures,” 


ON CONOIDS AND SPHEROIDS. 131 


Propositions 21, 22. 


Any segment of a paraboloid of revolution is half as large 
again as the cone or segment of a cone which has the same base 
and the same axis. 


Let the base of the segment be perpendicular to the plane of 
the paper, and let the plane of the paper be the plane through 
_ the axis of the paraboloid which cuts the base of the segment 
at right angles in BC and makes the parabolic section BAC. 

Let HF be that tangent to the parabola which is parallel to 
BC, and let A be the point of contact. 

Then (1), if the plane of the base of the segment is 
perpendicular to the axis of the paraboloid, that axis is the 
line AD bisecting BC at right angles in D. 

(2) If the plane of the base is not perpendicular to the 
axis of the paraboloid, draw AD parallel to the axis of the 
paraboloid. AD will then bisect BC, but not at right angles. 

Draw through #F a plane parallel to the base of the seg- 
ment. This will touch the paraboloid at A, and A will be 
the vertex of the segment, AD its axis. 

The base of the segment will be a circle with diameter BC 
or an ellipse with BC as major axis. 

Accordingly a cylinder or a frustum of a cylinder can be 
found passing through the circle or ellipse and having AD for 
its axis | Prop. 9]; and likewise a cone or a segment of a cone 
can be drawn passing through the circle or ellipse and having 
A for vertex and AD for axis. [Prop. 8] 

Suppose X to be a cone equal to } (cone or segment of 
cone ABC). The cone X is therefore equal to half the cylinder 
or frustum of a cylinder ZC. [Cf. Prop. 10] 

We shall prove that the volume of the segment of the 
paraboloid is equal to X. 

If not, the segment must be either greater or less than X. 


I. If possible, let the segment be greater than X. 


We can then inscribe and circumscribe, as in the last 
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proposition, figures made up of cylinders or frusta of cylinders 
with equal height and such that 
(circumscribed fig.) — (inscribed fig.) < (segment) — X. 

Let the greatest of the cylinders or frusta forming the 
circumscribed figure be that whose base is the circle or ellipse 
about BC and whose axis is OD, and let the smallest of them be 
that whose base is the circle or ellipse about PP’ and whose 
axis is AL. 

Let the greatest of the cylinders forming the inscribed 
figure be that whose base is the circle or ellipse about RR’ and 
whose axis is OD, and let the smallest be that whose base is 
the circle or ellipse about PP’ and whose axis is LM. 


Produce all the plane bases of the cylinders or frusta to 
meet the surface of the complete cylinder or frustum EC. 


Now, since 
(circumscribed fig.) — (inscr. fig.) < (segment) — X, 
it follows that (inseribedsfipuire = XG ees-2. poe: (a). 


Next, comparing successively the cylinders or frusta with 
heights equal to OD and respectively forming parts of the 
complete cylinder or frustum HC and of the inscribed figure, 
we have 

(first cylinder or frustum in C) : (first in inser. fig.) 
= BD’: RO? 
=AD? AO 
= BD: TO, where AB meets OR in T. 
And (second cylinder or frustum in HC) : (second in inscr. fig.) 
= HO: SN, in like manner, 
and so on. 
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Hence [Prop. 1] (cylinder or frustum £C) : (inscribed figure) 
=(BD+ HO+...):(T0+ SN +...), 
where BD, HO,... are all equal, and BD, TO, SN,... diminish in 
arithmetical progression. 
But [Lemma preceding Prop. 1] 
BD+HO+...>2(TO0+S8N +...). 
Therefore (cylinder or frustum £C) > 2 (inscribed fig.), 
or | X > (inscribed fig.) ; 
which is impossible, by (a) above, 
II. If possible, let the segment be less than X. 
In this case we inscribe and circumscribe figures as before, 
but such that 
(cireumser. fig.) — (inser. fig.) << X — (segment), 
whence it follows that 
(circumscribed figure) < X ............06 (8). 
And, comparing the cylinders or frusta making up the 
complete cylinder or frustum CE and the circumscribed figure 
respectively, we have 
(first cylinder or frustum in C£) : (first in circumscr. fig.) 
p= BD 
= 5) BD) 
(second in C) : (second in circumscr. fig.) 
= 0’ :RO* 
aa Wee G8) 
OO, 
and so on. 
Hence [Prop. 1] 
(cylinder or frustum CZ) : (circumscribed fig.) 
=(BD+ HO+...):(BD+TO+...), 
Soa 2 Ly [Lemma preceding Prop. 1] 


and it follows that 
X < (circumscribed fig.) ; 


which is impossible, by (8). 
Thus the segment, being neither greater nor less than X, is 
equal to it, and therefore to $ (cone or segment of cone ABC). 
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Proposition 23. 


If from a paraboloid of revolution two segments be cut off, 
one by a plane perpendicular to the axis, the other by a plane not 
perpendicular to the axis, and if the axes of the segments are 
equal, the segments will be equal in volume. 


Let the two planes be supposed perpendicular to the plane 
of the paper, and let the latter plane be the plane through the 
axis of the paraboloid cutting the other two planes at right 
angles in BB’, QQ’ respectively and the paraboloid itself in the 
parabola QPQ’B’. 

Let AN, PV be the equal axes of the segments, and A, P 


their respective vertices. 


Draw QL parallel to AN or PV and Q’L perpendicular 
to QL. 

Now, since the segments of the parabolic section cut off by 
BB’, QQ’ have equal axes, the triangles ABB’, PQQ’ are equal 
[Prop. 3]. Also, if QD be perpendicular to PV, QD= BN (as 
in the same Prop. 3). 

Conceive two cones drawn with the same bases as the 
segments and with A, P as vertices respectively. The height 
of the cone PQQ’ is then PK, where PK is perpendicular to 
QQ’. 
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Now the cones are in the ratio compounded of the ratios of 
their bases and of their heights, ie. the ratio compounded of 
(1) the ratio of the circle about BB’ to the ellipse about QQ’, 
and (2) the ratio of AN to PK. 

That is to say, we have, by means of Props. 5, 12, 

(cone ABB’) : (cone PQQ’) = (BB” : QQ’. Q’L).(AN : PR). 

And BB’ = 2BN = 2QD = Q’E, while QQ’ = 2QV. 

Therefore 

(cone ABB’) : (cone PQQ’) =(QD: QV).(AN : PR) 
= (PA SPY) (AN PK) 
=AN: PV. 

Since AN = PV, the ratio of the cones is a ratio of equality : 
and it follows that the segments, being each half as large again 
as the respective cones [Prop. 22], are equal. 


Proposition 24. 


If from a paraboloid of revolution two segments be cut off by 
planes drawn in any manner, the segments will be to one another 
as the squares on their axes. 

For let the paraboloid be cut by a plane through the axis 
in the parabolic section P’PApp’, and let the axis of the 
parabola and paraboloid be ANN’. 

Measure along ANN’ the lengths AN, AN’ equal to the 
respective axes of the given segments, 
and through WV, NV’ draw planes perpen- P' 
dicular to the axis, making circular 
sections on Pp, P’p’ as diameters re- 
spectively. With these circles as bases 
and with the common vertex A let two 
cones be described. a 

Now the segments of the paraboloid 
whose bases are the circles about Pp, 

P'p’ are equal to the given segments 
respectively, since their respective axes 
are equal [Prop. 23]; and, since the ry 
segments APp, AP’p’ are half as large p! 
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again as the cones APp, AP’p’ respectively, we have only 
to show that the cones are in the ratio of AN* to AN”. 


But 

(cone APp) : (cone AP’p’) =(PN’: P’N”). (AN : AN’) 
= (AN eANe) (AN AN) 
= ANE ee Ne 


thus the proposition is proved. 


Propositions 25, 26. 


In any hyperboloid of revolution, if A be the vertex and AD 
the axis of any segment cut off by a plane, and if CA be the 
semidiameter of the hyperboloid through A (CA being of course 
in the same straight line with AD), then 


(segment) : (cone with same base and axis) 
=(AD+3CA): (AD + 2CA). 


Let the plane cutting off the segment be perpendicular to 
the plane of the paper, and let the latter plane be the plane 
through the axis of the hyperboloid which intersects the cutting 
plane at right angles in BB’, and makes the hyperbolic 
segment BAB’. Let C be the centre of the hyperboloid (or 
the vertex of the enveloping cone). 


Let HF be that tangent to the hyperbolic section which is 
parallel to BB’. Let HF touch at A, and join CA. Then CA 
produced will bisect BB’ at D, CA will be a semi-diameter of 
the hyperboloid, A will be the vertex of the segment, and AD 
its axis. Produce AC to A’ and H, so that AC=OA’=A’'H. 


Through “F draw a plane parallel to the base of the seg- 
ment. This plane will touch the hyperboloid at A. 


Then (1), if the base of the segment is at right angles to the 
axis of the hyperboloid, A will be the vertex, and AD the axis, 
of the hyperboloid as well as of the segment, and the base of the 
segment will be a circle on BB’ as diameter. 
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(2) If the base of the segment is not perpendicular to the 
axis of the hyperboloid, the base will be an ellipse on BB’ as 
major axis. [Prop. 13] 


H 


i. Sie ae 


Then we can draw a cylinder or a frustum of a cylinder 
EBB’F passing through the circle or ellipse about BB’ and 
having AD for its axis; also we can describe a cone or a 
segment of a cone through the circle or ellipse and having A 
for its vertex. 


We have to prove that 
(segment ABB’): (cone or segment of cone ABB’)= HD: A'D. 
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Let V be a cone such that 
V : (cone or segment of cone ABB’) = HD: A’D....... (a) 
and we have to prove that V is equal to the segment. 
Now 
(cylinder or frustum £B’) : (cone or segmt. of cone ABB’) =3 :1. 


Therefore, by means of (a), 


(cylinder or frustum #B’): V=A’D: a ie (8). 


If the segment is not equal to V, it must either be greater 
or less. 


I. If possible, let the segment be greater than V. 


Inscribe and circumscribe to the segment figures made up 
of cylinders or frusta of cylinders, with axes along AD and all 
equal to one another, such that 


(circumscribed fig.) — (inser. fig.) < (segmt.) — V, 
whence (inscribed figure) 2) “cis. none center (y). 


Produce all the planes forming the bases of the cylinders or 
frusta of cylinders to meet the surface of the complete cylinder 
or frustum 4B’. 


Then, if VD be the axis of the greatest cylinder or frustum 
in the circumscribed figure, the complete cylinder will be 
divided into cylinders or frusta each equal to this greatest 
cylinder or frustum. 


Let there be a number of straight lines a equal to 4A’ and 
as many in number as the parts into which AD is divided by 
the bases of the cylinders or frusta. To each line a apply a 
rectangle which shall overlap it by a square, and let the greatest 
of the rectangles be equal to the rectangle AD. A’D and the 
least equal to the rectangle AL . A’L; also let the sides of the 
overlapping squares b, p, q,...1 be in descending arithmetical 
progression. Thus 8, p, q,.../ will be respectively equal to AD, 
AN, AM,...AL, and the rectangles (ab + b’), (ap + p’),...(al + 7°) 
will be respectively equal to AD.A’D, AN .A’N,...AL. A’L. 
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Suppose, further, that we have a series of spaces S each 
equal to the largest rectangle AD. A'D and as many in number 
as the diminishing rectangles. 


Comparing now the successive cylinders or frusta (1) in the 
complete cylinder or frustum HB’ and (2) in the inscribed 
figure, beginning from the base of the segment, we have 


(first cylinder or frustum in EB’) : (first in inser. figure) 

= BD*: PN* 

=AD.A'D: AN. A’N, from the hyperbola, 

=S:(ap+>p’). 

Again 
(second cylinder or frustum in #B’): (second in inscr. fig.) 

=BD*: QM 
=AD A D:AM, AM 
=S: (aq +9), 


and so on. 


The last cylinder or frustum in the complete cylinder or 
frustum £B" has no cylinder or frustum corresponding to it in 
the inscribed figure. 


Combining the proportions, we have [Prop. 1] 
(cylinder or frustum #B’): (inscribed figure) 
= (sum of all the spaces S): (ap + p*)+(aq+q’) +... 


> (a+b): (5 rs 3) [Prop. 2] 


>A’D: oe sincea=AA, b= AD, 
>(EB’): V,_ by (8B) above. 


Hence (inscribed figure) < V. 


But this is impossible, because, by (vy) above, the inscribed 
figure is greater than V. 
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II. Next suppose, if possible, that the segment is less 
than V. 


In this case we circumscribe and inscribe figures such that 
(circumscribed fig.) — (inscribed fig.) < V— (segment), 
whence we derive 
V > (circumscribed figure)............++ (8). 


We now compare successive cylinders or frusta in the 
complete cylinder or frustum and in the circumscribed figure ; 
and we have 


(first cylinder or frustum in £B’) : (first in circumscribed fig.) 
= 5.5 
=S: (ab +0’), 
(second in £B’) : (second in circumscribed fig.) 


=S:(ap+p’), 


and so on. 
Hence [Prop. 1] 
(cylinder or frustum £B’) : (circumscribed fig.) 


=(sum of all spaces S) : (ab +b’) + (ap+p’)+... 
<(a+6): (5 + 3) [Prop. 2] 
HD 
3 
<(EHB’): V, by (8) above. 


Hence the circumscribed figure is greater than V; which is 
impossible, by (8) above. 


<A’D: 


Thus the segment is neither greater nor less than V, and is 
therefore equal to it. 


Therefore, by (a), 


(segment ABB’): (cone or segment of cone ABB’) 
=(AD+3CA):(AD+2CA),. 
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Propositions 27, 28, 29, SO. 


(1) In any spheroid whose centre is C, if a plane meeting 
the axis cut off a segment not greater than half the spheroid and 
having A for its vertex and AD for tts axis, and if A’D be the 
axis of the remaining segment of the spheroid, then 


(first segmt.) : (cone or segmt. of cone with same base and axis) 
=CA+A'D: A’D 
[=3CA —AD: 2CA — AD}. 


(2) As a particular case, uf the plane passes through the 
centre, so that the segment is half the spheroid, half the spheroid 
is double of the cone or segment of a cone which has the same 
vertex and axis. 


Let the plane cutting off the segment be at right angles to 
the plane of the paper, and let the latter plane be the plane 
through the axis of the spheroid which intersects the cutting 
plane in BB’ and makes the elliptic section ABA’B’. 


Let EF, E’F’ be the two tangents to the ellipse which are 
parallel to BB’, let them touch it in A, A’, and through the 
tangents draw planes parallel to the base of the segment. 
These planes will touch the spheroid at A, A’, which will 
be the vertices of the two segments into which it is divided. 
Also AA’ will pass through the centre C and bisect BB’ 
in D. 


Then (1) if the base of the segments be perpendicular to 
the axis of the spheroid, A, A’ will be the vertices of the 
spheroid as well as of the segments, AA’ will be the axis 
of the spheroid, and the base of the segments will be a circle on 
BB’ as diameter ; 


(2) if the base of the segments be not perpendicular to the 
axis of the spheroid, the base of the segments will be an 
ellipse of which BB’ is one axis, and AD, A’D will be the 
axes of the segments respectively. 
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We can now draw a cylinder or a frustum of a cylinder 
EBB’F through the circle or ellipse about BB’ and having AD 
for its axis; and we can also draw a cone or a segment of 
a cone passing through the circle or ellipse about BB’ and 
having A for its vertex. 


We have then to show that, if CA’ be produced to H Ho 
that CA’ =A‘H, 


(segment A BB’) : (cone or segment of cone ABB’) = HD: A'D. 
Let V be such a cone that 
V : (cone or segment of cone ABB’)= HD: A’D ... (a); 
and we have to show that the segment ABB’ is equal to V. 
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But, since 


(cylinder or frustum 2B’) : (cone or segment of cone ABB’) 


we have, by the aid of (a), 
(cylinder or frustum HB’): V=A’'D: “go (8). 


Now, if the segment ABB’ is not equal to V, it must 
be either greater or less. 


I. Suppose, if possible, that the segment is greater 
than V. 


Let figures be inscribed and circumscribed to the segment 
consisting of cylinders or frusta of cylinders, with axes along 
AD and all equal to one another, such that 

(circumscribed fig.) — (inscribed fig.) < (segment) — V, 
whence it follows that 
(seribed fig.) Vp ave, oot getenn cb (y). 


Produce all the planes forming the bases of the cylinders or 
frusta to meet the surface of the complete cylinder or frustum 
EB’. Thus, if ND be the axis of the greatest cylinder or 
frustum of a cylinder in the circumscribed figure, the complete 
cylinder or frustum #B’ will be divided into cylinders or frusta 
of cylinders each equal to the greatest of those in the circum- 
scribed figure. 


Take straight lines da’ each equal to A’D and as many in 
number as the parts into which AD is divided by the bases of 
the cylinders or frusta, and measure da along da’ equal to AD. 
It follows that aa’ = 2CD. 


Apply to each of the lines a’d rectangles with height equal 
to ad, and draw the squares on each of the lines ad as in 
the figure. Let S denote the area of each complete rectangle. 


From the first rectangle take away a gnomon with breadth 
equal to AW (ie. with each end of a length equal to AW); 
take away from the second rectangle a gnomon with breadth 
equal to AM, and so on, the last rectangle having no gnomon 


? 


taken from it. 
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Then 
the first gnomon = A’D. AD— ND. (A’D— AN) 
SAD AN +N DAW . 
=AN.A’N. 
Similarly, 
the second gnomon = AM. A’‘M, 
and so on. 

And the last gnomon (that in the last rectangle but one) is 
equal to AL. A’L. 

Also, after the gnomons are taken away from the successive 
rectangles, the remainders (which we will call R,, R,,... Rn, 
where n is the number of rectangles and accordingly R, =S) 
are rectangles applied to straight lines each of length aa’ and 
“exceeding by squares” whose sides are respectively equal 
to DN, DM,... DA. 

For brevity, let DN be denoted by a, and aa’ or 2CD by c, 
so that R, =ca+ 2°, R,=c.2x+ (22)’,... 

Then, comparing successively the cylinders or frusta of 
cylinders (1) in the complete cylinder or frustum HB’ and 
(2) in the inscribed figure, we have 

(first cylinder or frustum in £B’) : (first in inscribed fig.) 

= BD’: PN* 
=AD.A'D: AN.A'N 
=8: (first gnomon) ; 
(second cylinder or frustum in #'B’): (second in inscribed fig.) 
=S : (second gnomon), 
and so on. 


The last of the cylinders or frusta in the cylinder or 
frustum £B' has none corresponding to it in the inscribed 
figure, and there is no corresponding gnomon. 


Combining the proportions, we have [by Prop. 1] 
(cylinder or frustum 4B’) : (inscribed fig.) 


= (sum of all spaces S) : (sum of gnomons). 
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Now the differences between S and the successive gnomons 
are R,, R,,... Ry, while 
R, = cx + a’, 
R,=c. 2x + (2x)*, 


Ce eo) 


R,=cb+b'=S, 
where b=nz=AD. ~ 


Hence [Prop. 2] 
(sum of all spaces S):(R,+ R,+...+ Rn) < (c+): 5 a | : 
It follows that 


(sum of all spaces S): (sum of gnomons) >(c + 6): (5 + #) 
> AD: file 
oO 
Thus (cylinder or frustum HB’): (inscribed fig.) 
Aes 


> (cylinder or frustum 2B’): V, 
from (8) above. 


Therefore (inscribed fig.) < V ; 
which is impossible, by (v) above. 
Hence the segment ABB’ is not greater than V. 
II. If possible, let the segment ABB’ be less than V. 
We then inscribe and circumscribe figures such that 
(circumscribed fig.) — (inscribed fig.) < V — (segment), 
whence V > (cireumscribed fig.).........0...0006. (8). 
In this case we compare the cylinders or frusta in (#B’) 
with those in the circumscribed figure. 
Thus 
(first cylinder or frustum in #B’): (first in circumscribed fig.) 
=) 4.555 
(second in £B’) : (second in circumscribed fig.) 
=8 : (first gnomon), 
and so on. 
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Lastly (last in ZB’) : (last in circumscribed fig.) 


=: (last gnomon). 
Now 


{§ +(all the gnomons)} = nS — (R, +- Ry + Reed ony 


b 
And nS: Ry + Rpt... + Bna> (od): (5 +5): [Prop. 2] 
so that 


nS : {S +(all the gnomons)} < (¢ +): (5 + =) ; 


It follows that, if we combine the above proportions as in 
Prop. 1, we obtain 


(cylinder or frustum #B’): (circumscribed fig.) 


< (+6): ($45) 


< ACD: He 
3 
< (EB’): V, by (8) above. 
Hence the circumscribed figure is greater than V; which is 
impossible, by (6) above. 


Thus, since the segment ABB’ is neither greater nor less 
than V, it is equal to it; and the proposition is proved. 


(2) The particular case [Props. 27, 28] where the segment 
is half the spheroid differs from the above in that the distance 
CD or c/2 vanishes, and the rectangles cb + b’ are simply squares 


(0’), so that the gnomons are simply the differences between b” 
and a’, b? and (2z)’, and so on. 


Instead therefore of Prop. 2 we use the Lemma to Prop. 2, 
Cor. 1, given above [On Spirals, Prop. 10], and instead of the 


ratio (¢ +b): (5 + 4 we obtain the ratio 3 : 2, whence 


(segment ABB’) : (cone or segment of cone ABB’) =2 : 1. 


[This result can also be obtained by simply substituting 
CA for AD in the ratio (3CA — AD) : (2CA — AD), 
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Propositions 31, 32. 


If a plane divide a spheroid into two unequal segments, and 
of AN, A’N be the axes of the lesser and greater segments 
respectively, while C is the centre of the spheroid, then 
(greater segmt.) : (cone or segmt. of cone with same base and ais) 

=CA+AN: AN. 

Let the plane dividing the spheroid be that through PP’ 
perpendicular to the plane of the paper, and let the latter plane 
be that through the axis of the spheroid which intersects the 
cutting plane in PP’ and makes the elliptic section PAP’A’. 


Draw the tangents to the ellipse which are parallel to PP’; 
let them touch the ellipse at A, A’, and through the tangents 
draw planes parallel to the base of the segments. These planes 
will touch the spheroid at A, A’, the line AA’ will pass 
through the centre C and bisect PP’ in N, while AN, A’N will 
be the axes of the segments. 

Then (1) if the cutting plane be perpendicular to the axis 
of the spheroid, AA’ will be that axis, and A, A’ will be the 
vertices of the spheroid as well as of the segments. Also the 
sections of the spheroid by the cutting plane and all planes 
parallel to it will be circles. 


(2) If the cutting plane be not perpendicular to the axis, 
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the base of the segments will be an ellipse of which PP’ is an 
axis, and the sections of the spheroid by all planes parallel 
to the cutting plane will be similar ellipses. 


Draw a plane through C parallel to the base of the segments 
and meeting the plane of the paper in BB’. 


Construct three cones or segments of cones, two having A 
for their common vertex and the plane sections through PP’, 
BB’ for their respective bases, and a third having the plane 
section through PP’ for its base and A’ for its vertex. 


Produce C'A to H and CA’ to H’ so that 
AH = A’H’ =CA. 
We have then to prove that 
(segment A’PP’) : (cone or segment of cone A’PP’) 
=CA+AN:AN 
= NH : AN. 


Now half the spheroid is double of the cone or segment of a 
cone ABB’ [Props. 27, 28]. Therefore 


(the spheroid) = 4 (cone or segment of cone ABB’). 
But 
(cone or segmt. of cone ABB’) : (cone or segmt. of cone APP’) 
=a (CA™ AN). (BCl. PN) 
=(CA:AN).(CA.CA’: AN. A’N)...(a). 
If we measure AK along 4A’ so that 
AK :AC=AC: AN; 
we have AK .A'N: AC. A'N=CA: AN, 
and the compound ratio in (a) becomes 
(AKC AN CAMA (CA TCAUMAN. AN), 
Le. AK CA TAN OA, 
Thus 
(cone or segmt. of cone ABB’) : (cone or segmt. of cone APP’) 
=AK.0A': AN.A’N. 
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But (cone or segment of cone APP’) : (segment APP’) 
= A’N : NH’ [Props. 29, 30] 
=AN.A'N: AN.NH’. 

Therefore, ex aequalz, 

(cone or segment of cone ABB’) : (segment APP’) 
=AK.CA': AN.NH’, 

so that (spheroid) : (segment APP’) 
= HH’.AK:AN.NH’, 

since HH’ =4CA’. 

Hence (segment A’PP’) : (segment APP’) 

=(HH’.AK-—AN.NH'): AN.NH' 
=(AK.NH+NH’.NK): AN.NH’. 


Further, 
(segment APP’) : (cone or segment of cone APP’) 
=NH-A'N. 

=AN NA’: AN AN, 

and 

(cone or segmt. of cone APP’) : (cone or segmt. of cone A’PP’) 
=AN: AN 
a AN AATN ANS, 


From the last three proportions we obtain, ex aequali, 
(segment A’PP’) : (cone or segment of cone A’PP’) 
=(AK.NH+NH’.NK): AN’ 
=(AK.NH+NH’.NK) :(CA’?+NH’.CN) 
=(AK.NH+WNH’.NK):(AK.AN+NH’.CN)...(8). 
But 
AK.NH:AK.AN=NH:AN 
=CA+AN:AN 
=AK+CA:CA 
(since AK : AC=AC: AN) 
=HK:CA 
=HK-NH:CA-—AN 
=NK:CN 
SN NaN CN, 
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Hence the ratio in (@) is equal to the ratio 
Ak NH: Ake AN or No AN; 
Therefore . 
(segment A’PP’) : (cone or segment of vone A’PP’) 
=NH:AN 
=CA +AWN : AN; 


[If (w, y) be the coordinates of P referred to the conjugate 
diameters AA’, BB’ as axes of x, y, and if 2a, 2b be the lengths 
of the diameters respectively, we have, since 


(spheroid) — (lesser segment) = a segment), 


¥(a ee -¥ (ato); 


and the above aa ces is the geometrical proof of the truth 
of this equation where 2, y are connected by the equation 


rigs Co at 


ON SPIRALS. 


“ ARCHIMEDES to Dositheus greeting. 


Of most of the theorems which I sent to Conon, and of 
which you ask me from time to time to send you the proofs, the 
demonstrations are already before you in the books brought to 
you by Heracleides; and some more are also contained in that 
which I now send you. Do not be surprised at my taking a 
considerable time before publishing these proofs. This has 
been owing to my desire to communicate them first to persons 
engaged in mathematical studies and anxious to investigate 
them. In fact, how many theorems in geometry which have 
seemed at first impracticable are in time successfully worked out! 
Now Conon died before he had sufficient time to investigate 
the theorems referred to; otherwise he would have discovered 
and made manifest all these things, and would have enriched 
geometry by many other discoveries besides. For I know well 
that it was no common ability that he brought to bear on 
mathematics, and that his industry was extraordinary. But, 
though many years have elapsed since Conon’s death, I do not 
find that any one of the problems has been stirred by a single 
person. I wish now to put them in review one by one, 
particularly as it happens that there are two included among 
them which are impossible of realisation* [and which may 
serve as a warning] how those who claim to discover every- 
thing but produce no proofs of the same may be confuted as 
having actually pretended to discover the impossible. 


* Heiberg reads réXos d¢ moecdueva, but F has 7édovs, so that the true reading 
is perhaps réAous 6¢ woridedueva. The meaning appears to be simply ‘ wrong.’ 
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What are the problems I mean, and what are those of which 
you have already received the proofs, and those of which the 
proofs are contained in this book respectively, I think it proper 
to specify. The first of the problems was, Given asphere, to find 
a plane area equal to the surface of the sphere; and this was 
first made manifest on the publication of the book concerning the 
sphere, for, when it is once proved that the surface of any sphere 
is four times the greatest circle in the sphere, it is clear that it 
is possible to find a plane area equal to the surface of the sphere. 
The second was, Given a cone or a cylinder, to find a sphere 
equal to the cone or cylinder; the third, To cut a given sphere 
by a plane so that the segments of it have to one another an 
assigned ratio ; the fourth, To cut a given sphere by a plane so 
that the segments of the surface have to one another an assigned 
ratio; the fifth, To make a given segment of a sphere similar to 
a given segment of a sphere* ; the sixth, Given two segments of 
either the same or different spheres, to find a segment of a sphere 
which shall be similar to one of the segments and have its 
surface equal to the surface of the other segment. The seventh 
was, From a given sphere to cut off a segment by a plane so 
that the segment bears to the cone which has the same base as 
the segment and equal height an assigned ratio greater than 
that of three to two. Of all the propositions just enumerated 
Heracleides brought you the proofs. The proposition stated 
next after these was wrong, viz. that, if a sphere be cut by a 
plane into unequal parts, the greater segment will have to the 
less the duplicate ratio of that which the greater surface has to 
the less. That this is wrong is obvious by what I sent you 
before ; for it included this proposition: If a sphere be cut into 
unequal parts by a plane at right angles to any diameter in the 
sphere, the greater segment of the surface will have to the less 
the same ratio as the greater segment of the diameter has 
to the less, while the greater segment of the sphere has to the 
less a ratio less than the duplicate ratio of that which the 


* 7d dobev ruGua opalpas TH dobdvTt Tudpate opalpas duousoat, i.e. to make a 
segment of a sphere similar to one given segment and equal in content to 
another given segment. [Cf. On the Sphere and Cylinder, II. 5.] 
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greater surface has to the less, but greater than the sesqui- 
alterate* of that ratio. The last of the problems was also wrong, 
viz. that, if the diameter of any sphere be cut so that the square 
on the greater segment is triple of the square on the lesser 
segment, and if through the point thus arrived at a plane be 
drawn at right angles to the diameter and cutting the sphere, 
the figure in such a form as is the greater segment of the sphere 
is the greatest of all the segments which have an equal surface. 
That this is wrong is also clear from the theorems which I 
before sent you. For it was there proved that the hemisphere 
is the greatest of all the segments of a sphere bounded by an 
equal surface. 

After these theorems the following were propounded con- 
cerning the conet. If a section of a right-angled cone [a 
parabola], in which the diameter [axis] remains fixed, be made to 
revolve so that the diameter [axis] is the axis [of revolution], 
let the figure described by the section of the right-angled cone 
be called a conoid. And if a plane touch the conoidal figure 
and another plane drawn parallel to the tangent plane cut off 
a segment of the conoid, let the base of the segment cut off be 
defined as the cutting plane, and the vertex as the point in which 
the other plane touches the conoid. Now, if the said figure be 
cut by a plane at right angles to the axis, it is clear that the 
section will be a circle; but it needs to be proved that the 
segment cut off will be half as large again as the cone which has 
the same base as the segment and equal height. And if two 
segments be cut off from the conoid by planes drawn in any 
manner, it is clear that the sections will be sections of acute- 
angled cones [ellipses] if the cutting planes be not at right 
angles to the axis; but it needs to be proved that the 
segments will bear to one another the ratio of the squares on 
the lines drawn from their vertices parallel to the axis to meet 
the cutting planes. The proofs of these propositions are not 
yet sent to you. 

After these came the following propositions about the spiral, 


* (Adyov) pelfova 7 Husddrov Tod, dv exer x.7.r., i.e. a ratio greater than (the 
ratio of the surfaces) 2. See On the Sphere and Cylinder, II. 8. 
+ This should be presumably ‘the conoid,’ not ‘the cone.’ 
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which are as it were another sort of problem having nothing 
in common with the foregoing; and I have written out the 
proofs of them for you in this book. They are as follows. Ifa 
straight line of which one extremity remains fixed be made to 
revolve at a uniform rate in a plane until it returns to the 
position from which it started, and if, at the same time as the 
straight line revolves, a point move at a uniform rate along the 
straight line, starting from the fixed extremity, the point will 
describe a spiral in the plane. I say then that the area 
bounded by the spiral and the straight line which has returned 
to the position from which it started is a third part of the circle 
described with the fixed point as centre and with radius the 
length traversed by the point along the straight line during the 
one revolution. And, if a straight line touch the spiral at the 
extreme end of the spiral, and another straight line be drawn at 
right angles to the line which has revolved and resumed its 
position from the fixed extremity of it, so as to meet the 
tangent, I say that the straight line so drawn to meet it is 
equal to the circumference of the circle. Again, if the revolving 
line and the point moving along it make several revolutions 
and return to the position from which the straight line started, 
I say that the area added by the spiral in the third revolution 
will be double of that added in the second, that in the fourth 
three times, that in the fifth four times, and generally the areas 
added in the later revolutions will be multiples of that added in 
the second revolution according to the successive numbers, 
while the area bounded by the spiral in the first revolution is a 
sixth part of that added in the second revolution. Also, if on 
the spiral described in one revolution two points be taken and 
straight lines be drawn joining them to the fixed extremity of 
the revolving line, and if two circles be drawn with the fixed 
point as centre and radii the lines drawn to the fixed extremity 
of the straight line, and the shorter of the two lines be produced, 
I say that (1) the area bounded by the circumference of the 
greater circle in the direction of (the part of) the spiral included 
between the straight lines, the spiral (itself) and the produced 
straight line will bear to (2) the area bounded by the circum- 
ference of the lesser circle, the same (part of the) spiral and the 
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straight line joining their extremities the ratio which (3) the 
radius of the lesser circle together with two thirds of the excess 
of the radius of the greater circle over the radius of the lesser 
bears to (4) the radius of the lesser circle together with one 
third of the said excess. 


The proofs then of these theorems and others relating to the 
_ spiral are given in the present book. Prefixed to them, after the 
manner usual in other geometrical works, are the propositions 
necessary to the proofs of them. And here too, as in the books 
previously published, I assume the following lemma, that, if 
there be (two) unequal lines or (two) unequal areas, the excess 
by which the greater exceeds the less can, by being [continually] 
added to itself, be made to exceed any given magnitude among 
those which are comparable with [it and with] one another.” 


Proposition 1. 


If a point move at a uniform rate along any line, and two 
lengths be taken on it, they will be proportional to the times of 
describing them. 


Two unequal lengths are taken on a straight line, and two 
lengths on another straight line representing the times; and 
they are proved to be proportional by taking equimultiples of 
each length and the corresponding time after the manner of 
Kucl. V. Def. 5. 


Proposition 2. 


If each of two points on different lines respectively move along 
them each at a uniform rate, and if lengths be taken, one on each 
line, forming pairs, such that each pair are described in equal 
times, the lengths will be proportionals. 

This is proved at once by equating the ratio of the lengths 
taken on one line to that of the times of description, which 
must also be equal to the ratio of the lengths taken on the other 
line. 
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Proposition 3. 


Given any number of circles, it is possible to find a straight 
line greater than the sum of all their circumferences. 

For we have only to describe polygons about each and then 
take a straight line equal to the sum of the perimeters of the 
polygons. 


Proposition 4. 


Given two unequal lines, viz. a strarght line and the circum- 
ference of a circle, at is possible to find a straight line less than 
the greater of the two lines and greater than the less. 

For, by the Lemma, the excess can, by being added a sufficient 
number of times to itself, be made to exceed the lesser line. 


Thus eg., if ¢ >/ (where c is the circumference of the circle 
and / the length’ of the straight line), we can find a number n 
such that 

n(c—l)>1. 


Therefore c—Il>-, 


and 4 Siar: 
n 


Hence we have only to divide J into n equal parts and add 
one of them to /. The resulting line will satisfy the condition. 


Proposition 5. 


Given a circle with centre O, and the tangent to it at a point 
A, it 1s possible to draw from O a straight line OPF, meeting the 
circle in P and the tangent in F, such that, if c be the circum- 
ference of any given circle whatever, 


FP OP <(are AP) se. 


Take a straight line, as D, greater than the circumference c. 
[Prop. 3] 
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Through O draw OH parallel to the given tangent, and 
draw through A a line APH, meeting the circle in P and OH 


i?) 


in H, such that the portion PH intercepted between the circle 
and the line OH may be equal to D*. Join OP and produce 
it to meet the tangent in F. 
Then ~ FP : OP=AP: PH, by parallels, 
=AP:D 
<(aro AP) ¢. 


Proposition 6. 


Given a circle with centre O, a chord AB less than the 
diameter, and OM the perpendicular on AB from O, tt is possible 
to draw a straight line OF P, meeting the chord AB in F and the 


circle in P, such that 
FP: PB=D:E, 


where D: E is any given ratio less than BM : MO. 
Draw OH parallel to AB, and BT perpendicular to BO 
meeting OH in 7. 
Then the triangles BMO, OBT are similar, and therefore 
BM :MO=OB: BI, 
whence D:E< OB: BT. 


* This construction, which is assumed without any explanation as to how it 
is to be effected, is described in the original Greek thus: ‘‘let PH be placed 
(xelcOw) equal to D, verging (vevouca) towards A.’”’ This is the usual phraseology 
used in the type of problem known by the name of vevats. 
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Suppose that a line PH (greater than BZ’) is taken such 
that 


De =OB PH, 


E 


and let PH be so placed that it passes through B and P lies on 
the circumference of the circle, while H is on the line OH™*. 
(PH will fall outside BT, because PH > BT.) Join OP meeting 
AB in F. 


We now have 
RP IPR =OPe PH. 
=0OB: PH 
ID) TH, 


Proposition 7. 


Given a circle with centre O, a chord AB less than the 
diameter, and OM the perpendicular on at from O, it is possible 
to draw from O a straight line OPF, meeting the circle in P and 
AB produced in F, such that 


FP PBR=DE, 
where D: Eis any gwen ratio greater than BM : MO. 


Draw OT parallel to AB, and BT perpendicular to BO 
meeting OT in 7. 


* The Greek phrase is ‘‘let PH be placed between the circumference and the 
straight line (OH) through B.”” The construction is assumed, like the similar 
one in the last proposition. 
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In this case, D:EH>BM: MO 
> OB : BT, by similar triangles. 


S 


Take a line PH (less than BT’) such that 
D: H=OB: PH, 
and place PH so that P, H are on the circle and on OT respec- 
tively, while HP produced passes through B*. 
Then BPS PB = OPPs PH. 
ew Sag Op 


Proposition 8. 

Given a circle with centre O, a chord AB less than the 
diameter, the tangent at B, and the perpendicular OM from O 
on AB, it is possible to draw from O a straight line OFP, 
meeting the chord AB in F, the circle in P and the tangent in G, 
such that 

FP :BG=DE, 
where D: E ts any given ratio less than BM : MO. 
If OT be drawn parallel to AB meeting the tangent at Bin 7, 
BM: MO=OB: BT, 


so that De OB BL. 
Take a point C on TB produced such that 
Ds: HE = OB: BC, 
whence BC > BT. 


* PH is described in the Greek as vevoucay éml (verging to) the point B. As 
before the construction is assumed. 
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Through the points O, 7, C describe a circle, and let OB be 
produced to meet this circle in K. 
Q 


Then, since BC > BT, and OB is perpendicular to C7, it is 
possible to draw from O a straight line OGQ, meeting CT in G 
and the circle about OTC in Q, such that GQ = BK*. 


Let OGQ meet AB in F and the original circle in P. 


Now CG= GT=0G. GQ; 
and OF : OG=ST : GT, 
so that OF .GT =0G. BT. 


It follows that 
CG. GT: OF -GT= 0G. GQ -.0G. BL, 
or CG: OF = GQ » BL 
= BK: BT, by construction, 
= BC 0B 
= BC : OP. 
Hence OP : OF=BC : CG, 
and therefore PF: OP = BBC 
or PF YBG=OP- BC 
= OR BC 
ei POM he 


* The Greek words used are: ‘‘it is possible to place another [straight line] 
GQ equal to KB verging (vevovcay) towards O.” This particular vedo.s is 
discussed by Pappus (p. 298, ed. Hultsch). See the Introduction, chapter v. 
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Proposition 9. 


Given a circle with centre O, a chord AB less than the 
diameter, the tangent at B, and the perpendicular OM from O 
on AB, tt ts possible to draw from O a straight line OPGF, 
. meeting the circle in P, the tangent in G, and AB produced in F, 


such that 
FP: BG=D: £, 


where D: E 1s any given ratio greater than BM : MO. 
Let OT be drawn parallel to AB meeting the tangent at B 
in 7. ; 
Then D:H>BM: MO 
> OB : BT, by similar triangles. 
Produce TB to C so that 
D:H=OB : BC, 
whence BC < BT. 


Describe a circle through the points O, 7, C, and produce OB 
to meet this circle in K. 


Then, since 7B > BC, and OB is perpendicular to C7, it is 
possible to draw from O a line OGQ, meeting C7’ in G, and the 
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circle about OTC in Q, such that GQ=BK*. Let OQ meet 
the original circle in P and AB produced in F. 
We now prove, exactly as in the last proposition, that 
CG FOF 2 BEB? 


= BC : OP. 
Thus, as before, 
OP :OF=BC: CG, 


and OP :PF=BC: BG, 

whence PF > BG = OR: BC 
= OB:-BO 
=o e.2. 


Proposition 10. 


If A, Ay, As,...An be n lines forming an ascending arith- 
metical progression in which the common difference is equal 
to A,, the least term, then 

(n+1)A,’+A,(A4,+4,+...+ An) =3(AP+ 424+... +A,). 


[Archimedes’ proof of this proposition is given above, p. 107— 
9, and it is there pointed out that the result is equivalent to 


1? + 274 peer ie eGR 


Cor. 1. It follows from this proposition that 


n. A,’ <3(A+ A+... +A,?), 
and also that 
n.A,’>3(AP+ A’ 4+... + An). 
[For the proof of the latter inequality see p. 109 above.] 
Cor. 2. All the results will equally hold if similar figures 


are substituted for squares. 


* See the note on the last proposition. 
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Proposition 11. 


If A,, As,...An be n lines forming an ascending arith- 
metical progression [in which the common difference is equal to 
the least term A,]*, then 


(n—1)A,? : (Ay? + An +...+A,*) 
<A,': {A,.A,+}$(An-—A))}; 
but 
(n —1) Ay? : (Ana? + An? +... +A,’) 
>A,” : {An.A,+3(An—A,)}. 


[Archimedes sets out the terms side by side in the manner 
shown in the figure, where BO= A,, DE = A,_,,...RS = A,, and 
produces DE, FG,...RS until they are 
respectively equal to BC or A,,sothat ¢ 4 , 
EH, GI,...SU in the figure are re- ie 

BD 


+ 
Cc 


spectively equal to A,, A,...dAn. He 
further measures lengths BK, DL, 
FM,...PV along BC, DE, FG, ...PQ re- 
spectively each equal to RS. 

The figure makes the relations 
between the terms easier to see with 
the eye, but the use of so large a 
number of letters makes the proof 
somewhat difficult to follow, and it 
may be more clearly represented as follows.] 


It is evident that (A, — A,) = Ay4. 
The following proportion is therefore obviously true, viz. 


(il yA (ed) (Aerts 3) 
Ay Ar a (A, As): 


F P 


* The proposition is true even when the common difference is not equal to 
A,, and is assumed in the more general form in Props, 25 and 26. But, as 
Archimedes’ proof assumes the equality of 4, and the common difference, the 
words are here inserted to prevent misapprehension. 
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In order therefore to prove the desired result, we have only 
to show that 


(n—1) Ayn. Ar +$(2—-1) Ani’< (An? +Ani*+...+4,’) 
but > (An + An +... + A’). 
I. To prove the first inequality, we have 
(n—1) Ay. A,+$(n—1) Ar’ 


=(n—1) A? +(n—1)A,. Anit}(n—1) Ar’...(1). 
And 
A,’ +Anw +... + Ae 
= (Anat A,)' + (Anat As) +:.. + (4+ 4) 
= (Ay +An.'+...+A,°) 
(ni Lad 
+2A,(An1t+Anot-.. +4) 
= (An? + An’ +... + A,’) 
+(n—1) A; 
+A; {Ani:t+AnotAnst...+Ai 
de dy eh et A, ee) 
= (Ay? + Ans’ +... +A’) 
+(n—1)A/ 
pray Aga. Sa ee Se eee (2). 


Comparing the right-hand sides of (1) and (2), we see that 
(n—1)A,’ is common to both sides, and 


(a= )tAT. A A Aaa 
while, by Prop. 10, Cor. 1, 


4(n—1) An’ < Ay + 4n' +... + AY’. 
It follows therefore that 
(n—1)A,.A,+$(n—1) A, < (A, + Ap? +... + A); 
and hence the first part of the proposition is proved. 


II. We have now, in order to prove the second result, to 
show that 


(n—1) Ag. A, +4 (21) Age Ce ae rey 
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The right-hand side is equal to 
(An++Aj)?+ (Ans + Ai)? +...+(A, +4, + A? 

=Anet+Anst+... +A? 
+(n—1) A; 
+2A,(An.t+Anst...+A)) 

= (An. + Ans? +... + A,’) 
+(n—1) A? 
+A, An .t+tAnst... +A, 

+A, +A, +...+An_s 

(A, A oe A) 
+(n—1)A/? 
ae DA add Batis Fi atu Jen. doe seatni (3). 


Comparing this expression with the right-hand side of (1) above, 
we see that (n — 1) A,’ is common to both sides, and 


(n—1)A,.An.>(n—2)A,. Ana, 
while, by Prop. 10, Cor. 1, 
$(n—1) Any? > (An. + Ans’ +... + A,’). 
Hence if 
(n—1) An. A, +4(2—1) An? > (Ani? + An +... + Ay”); 
and the second required result follows. 


Cor. The results in the above proposition are equally true if 
similar figures be substituted for squares on the several lines. 


DEFINITIONS. 

1. Ifa straight line drawn in a plane revolve at a uniform 
rate about one extremity which remains fixed and return to 
the position from which it started, and if, at the same time as 
the line revolves, a point move at a uniform rate along the 
straight line beginning from the extremity which remains fixed, 
the point will describe a spiral (€\vé) in the plane. 


2. Let the extremity of the straight line which remains 
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fixed while the straight line revolves be called the origin* 
(apy) of the spiral. 


3. And let the position of the line from which the straight 
line began to revolve be called the initial line* in the 
revolution (apya tds mepupopas). 


4. Let the length which the point that moves along the 
straight line describes in one revolution be called the first 
distance, that which the same point describes in the second 
revolution the second distance, and similarly let the distances 
described in further revolutions be called after the number of 
the particular revolution. 


5. Let the area bounded by the spiral described in the 
first revolution and the first distance be called the first area, 
that bounded by the spiral described in the second revolution 
and the second distance the second area, and similarly for the 
rest in order. 


6. If from the origin of the spiral any straight line be 
drawn, let that side of it which is in the same direction as that 
of the revolution be called forward (apoayovmeva), and that 
which is in the other direction backward (é7opeva). 


7. Let the circle drawn with the origin as centre and the 
Jirst distance as radius be called the first circle, that drawn 
with the same centre and twice the radius the second circle, 
and similarly for the succeeding circles. 


Proposition 12. 


If any number of straight lines drawn from the origin to 
meet the spiral make equal angles with one another, the lines will 
be wn arithmetical progression. 


[The proof is obvious. ] 
* The literal translation would of course be the ‘“ beginning of the spiral” 


and ‘‘the beginning of the revolution” respectively. But the modern names 
will be more suitable for use later on, and are therefore employed here. 
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Proposition 13. 
If a straight line touch the spiral, it will touch it in one point 
only. 
Let O be the origin of the spiral, and BC a tangent to it. 


If possible, let BC touch the spiral in two points P, Q. 
Join OP, OQ, and bisect the angle POQ by the straight line OR 
meeting the spiral in R. 


Then [Prop. 12] OF is an arithmetic mean between OP and 


OQ, or 
OP + 0Q = 20R. 


But in any triangle P0g, if the bisector of the angle POQ 


meets PQ in K, 
OP + OQ > 20K *. 


Therefore OK < OR, and it follows that some point on BC 
between P and Q lies within the spiral. Hence BC cuts the 
spiral; which is contrary to the hypothesis. 


Proposition 14. 


If O be the origin, and P, Q two points on the first turn of 
the spiral, and if OP, OQ produced meet the ‘first circle’ 
AKP’Q’ in P’, Q’ respectively, OA being the initial line, then 

OP : OQ =(arc AKP’): (arc AKQ’). 

For, while the revolving line OA moves about O, the point 

A on it moves uniformly along the circumference of the circle 


* This is assumed as a known proposition ; but it is easily proved. 
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AKP’Q’, and at the same time the point describing the spiral 
moves uniformly along OA. 


K 


Thus, while A describes the arc AK P’, the moving point on 
OA describes the length OP, and, while A describes the arc 
AKQ’, the moving point on OA describes the distance OQ. 


Hence OP: OQ=(arc AKP’): (arc AKQ’). [Prop. 2] 


Proposition 15. 


If P, Q be points on the second turn of the spiral, and OP, 
OQ meet the ‘first circle’ AKP’Q’ in P’, Q’, as in the last 
proposition, and if c be the circumference of the first circle, then 


OP : OQ=c+ (are AKP’) : c+ (are AKQ’). 


For, while the moving point on OA describes the distance 
OP, the point A describes the whole of the circumference of 
the ‘first circle’ together with the are AKP’; and, while the 
moving point on OA describes the distance OQ, the point A 
describes the whole circumference of the ‘first circle’ together 
with the arc AKQ’. 


Cor. Similarly, if P, Q are on the nth turn of the spiral, 
OP : OQ =(n—-1)ce+(arc AKP’): (n—1)e+(are AKQ’). 
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Propositions 16, 17. 


If BC be the tangent at P, any point on the spiral, PC being 
the ‘forward’ part of BC, and if OP be joined, the angle OPC 
as obtuse while the angle OPB is acute. 


I. Suppose P to be on the first turn of the spiral. 

Let OA be the initial line, AKP’ the ‘first circle. Draw 
the circle DEP with centre O and radius OP, meeting OA in 
D. This circle must then, in the ‘forward’ direction from P, 


fall within the spiral, and in the ‘backward’ direction outside 
it, since the radii vectores of the spiral are on the ‘ forward’ side 
greater, and on the ‘ backward’ side less, than OP. Hence the 
angle OPC cannot be acute, since it cannot be less than the 
angle between OP and the tangent to the circle at P, which is 
a right angle. 

It only remains therefore to prove that OPC is not a right 
angle. 

If possible, let it be a right angle. BC will then touch 
the circle at P. 

Therefore [Prop. 5] it is possible to draw a line 0QC 
meeting the circle through P in Q and BC in C, such that 


CO OO atereapO ye (are: DEP) i. ..csteusst (1). 


170 ARCHIMEDES 


Suppose that OC meets the spiral in R and the ‘ first circle’ 
in R’; and produce OP to meet the ‘first circle’ in P’. 


From (1) it follows, componendo, that 
CO : OQ < (are DLQ) : (are DEP) 
<(arc AKR’): (arc AKP’) 
<OR* OP: [Prop. 14] 
But this is impossible, because OQ = OP, and OR < OC. 


Hence the angle OPC is not a right angle. It was also 
proved not to be acute. 


Therefore the angle OPC is obtuse, and the angle OPB 
consequently acute. 


II. If P is on the second, or the nth turn, the proof is the 
same, except that in the proportion (1) above we have to 
substitute for the arc DEP an arc equal to (p+are DIP) or 
(n—1.p+are DLP), where p is the perimeter of the circle 


DIP through P. Similarly, in the later steps, p or (n—1) p 
will be added to each »f the ares DLQ and DLP, and ¢ or 
(n—1)c to each of the ares AKR’, AKP’, where c is the 
circumference of the ‘first circle’ AKP’. 
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Propositions 18, 19. 


I. If OA be the initial line, A the end of the first turn of 
the spiral, and if the tangent to the spiral at A be drawn, the 
straight line OB drawn from O perpendicular to OA will meet 
the said tangent in some point B, and OB will be equal to the 
corcumference of the ‘ first circle. 


Il. If A’ be the end of the second turn, the perpendicular 
OB will meet the tangent at A’ in some point B’, and OB’ will 
be equal to 2 (circumference of ‘ second circle’). 


III. Generally, if A, be the end of the nth turn, and OB 
meet the tangent at A, in By, then 
OB, = Nn, 
where Cn vs the circumference of the ‘nth circle.’ 


I. Let AKC be the ‘first circle.’ Then, since the ‘ back- 
ward’ angle between OA and the tangent at A is acute [Prop. 
16], the tangent will meet the ‘first circle’ in a second point C. 
And the angles CAO, BOA are together less than two right 
angles; therefore OB will meet AC produced in some point B. 


é <F EF 


Then, if c be the circumference of the first circle, we have 


to prove that 
OB =c. 


If not, OB must be either greater or less than c. 
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(1) If possible, suppose OB > c. 

Measure along OB a length OD less than OB but greater 
than c. 

We have then a circle AKO,a chord AC in it less than 
the diameter, and a ratio AO: OD which is greater than the 
ratio 40: OB or (what is, by similar triangles, equal to it) the 
ratio of 4AC to the perpendicular from O on AC. Therefore 
[Prop. 7] we can draw a straight line OPF, meeting the circle 
in P and CA produced in F, such that 


FP :;PA=A0: OD. 
Thus, alternately, since AO = PO, 
FP:PO=PA:0D 


< (are PA): ¢: 
since (arc PA) > PA, and OD >c. 
Componendo, 
FO: PO <(c+are PA) :c¢ 
< 0Q: 0A, 
where OF meets the spiral in Q. [Prop. 15] 
Therefore, since 0A = OP, FO < OQ; which is impossible. 
Hence OB +c. 


(2) If possible, suppose OB < c. 

Measure OF along OB so that OF is greater than OB but 
less than c. 

In this case, since the ratio AO: OF is less than the ratio 
AO: OB (or the ratio of 440 to the perpendicular from O 
on AC), we can [Prop. 8] draw a line OF’P’G, meeting AC in 
F’, the circle in P’, and the tangent at A to the circle in G, 
such that 

F’P’: AG= AO: OE. 
Let OP'G cut the spiral in Q’. 

Then we have, alternately, 

ESP SP O= AG. OF, 
>(are AP’): ¢, 
because AG > (are AP’), and OL <c. 
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Therefore 
FO 3 FO arc KP) ¢ 
<0. «04, [Prop. 14] 
But this is impossible, since 0A = OP’, and 0Q' < OF". 
Hence OBte. 
Since therefore OB is neither greater nor less than c, 
OB=e. 


II. Let A’K’C’ be the ‘second circle, A’C’ being the 
tangent to the spiral at A’ (which will cut the second circle, 
since the ‘backward’ angle OA’C’ is acute). Thus, as before, 
the perpendicular OB’ to OA’ will meet A’C’ produced in some 
point B’. 

If then c’ is the circumference of the ‘second circle,’ we 
have to prove that OB’ = 2c’. 


For, if not, OB’ must be either greater or less than 2c’. 


(1) If possible, suppose OB’ > 2c’. 

Measure OD’ along OB’ so that OD’ is less than OB’ but 
greater than 2c’. 

Then, as in the case of the ‘first circle’ above, we can draw 
a straight line OPF meeting the ‘second circle’ in P and C’A’ 
produced in F, such that 


Pee a AO: OD; 
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Let OF meet the spiral in Q. 
We now have, since A’O = PO, 
HEP Oe PA. OD. . 
<\"(are A Pyz 2c; 
because (are A’P) > A’P and OD’ > 2c’. 
Therefore FO: PO < (2c + arc A‘P) : 2c’ 


< 0Q: 0A’. [Prop. 15, Cor.] 
Hence FO < OQ; which is impossible. 
Thus OB’ > 2c. 
Similarly, as in the case of the ‘ first circle’, we can prove that 
OB’ € 2c’. 
Therefore OB’ = 2c’. 


III. Proceeding, in like manner, to the ‘third’ and suc- 
ceeding circles, we shall prove that 


OB, = Nn. 


Proposition 20. 


I. If P be any point on the first turn of the spiral and OT 
be drawn perpendicular to OP, OT will meet the tangent at P to 
the spiral in some point T'; and, if the circle drawn with centre 
O and radius OP meet the initial line in K, then OT is equal to 
the arc of this circle between K and P measured in the ‘forward’ 
direction of the spiral. 


II. Generally, if P be a point on the nth turn, and the 
notation be as before, while p represents the circumference of the 
circle with radius OP, 


OT =(n—1)p+arc KP (measured ‘ forward’). 
I. Let P be a point on the first turn of the spiral, 0A the 


initial line, PR the tangent at P taken in the ‘backward’ 
direction. 


Then [Prop. 16] the angle OPR is acute. Therefore PR 
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meets the circle through P in some point R; and also OT will 
meet PR produced in some point 7. 


If now OT is not equal to the are KRP, it must be either 
greater or less. 


A 


(1) If possible, let O7' be greater than the arc K RP. 

Measure OU along OT less than OT but greater than the 
arc KRP. 

Then, since the ratio PO: OU is greater than the ratio 
PO: OT, or (what is, by similar triangles, equal to it) the 
ratio of 4PR to the perpendicular from O on PR, we can draw 
a line OQF, meeting the circle in Q and RP produced in F, 
such that 

FO«PO=PO0::.0U, [Prop. 7] 
Let OF meet the spiral in Q’. 
We have then 
FQ: Q0=PQ:0U 
< (are PQ) : (are KBP), by hypothesis. 


Componendo, 
FO : QO < (are KRQ) : (arc KRP) 
OY "OP: [Prop. 14] 
But QO = OP. 
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Therefore F'O < OQ’; which is impossible. 
Hence OT + (arc KRP). 


(2) The proof that OT ¢ (arc KRP) follows the method of 
Prop. 18, I. (2), exactly as the above follows that of Prop. 18, 
I. (1). 

Since then OT is neither greater nor less than the are KBP, 
it is equal to it. 


II. If P be on the second turn, the same method shows 
that 
OT =p+ (are KRP); 
and, similarly, we have, for a point P on the nth turn, 


OT =(n—-1)p+ (are KRP). 


Propositions 21, 22, 23. 


Given an area bounded by any arc of a spiral and the lines 
joining the extremities of the arc to the origin, tt rs possible to 
curcumscribe about the area one figure, and to inscribe in it 
another figure, each consisting of similar sectors of circles, and 
such that the circumscribed figure exceeds the inscribed by less 
than any assigned area. 


For let BC be any arc of the spiral, O the origin. Draw 
the circle with centre O and radius OC, where C is the ‘forward’ 
end of the arc. 


Then, by bisecting the angle BOC, bisecting the resulting 
angles, and so on continually, we shall ultimately arrive at 
an angle COr cutting off a sector of the circle less than any 
assigned area. Let COr be this sector. 


Let the other lines dividing the angle BOC into equal parts 
meet the spiral in P, Q, and let Or meet it in &. With O as 
centre and radii OB, OP, OQ, OR respectively describe arcs of 
circles Bp’, bBq’, pQr’, qRc’, each meeting the adjacent radii as 
shown in the figure. In each case the arc in the ‘forward’ 
direction from each point will fall within, and the arc in the 
‘backward’ direction outside, the spiral. 
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We have now a circumscribed figure and an inscribed figure 
each consisting of similar sectors of circles. To compare their 
areas, we take the successive sectors of each, beginning from OC, 
and compare them. 


The sector OCr in the circumscribed figure stands alone. 


And (sector ORq) = (sector ORc’), 
(sector OQp) = (sector OQr’), 
(sector OPb) = (sector OP9’), 
while the sector OBp’ in the inscribed figure stands alone. 


Hence, if the equal sectors be taken away, the difference be- 
tween the circumscribed and inscribed figures is equal to the 
difference between the sectors OCr and OBp’; and this difference 
is less than the sector OCr, which is itself less than any 
assigned area. 

The proof is exactly the same whatever be the number of 
angles into which the angle BOC is 
divided, the only difference being 
that, when the are begins from the 
origin, the smallest sectors OPb, OPq’ 
in each figure are equal, and there is 
therefore no inscribed sector standing 
by itself, so that the difference 
between the circumscribed and in- 
scribed figures is equal to the sector 
OCr itself. 
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Thus the proposition is universally true. 


Cor. Since the area bounded by the spiral is intermediate 
in magnitude between the circumscribed and inscribed figures, 
it follows that ; 


(1) «@ figure can be circumscribed to the area such that rt 
exceeds the area by less than any assigned space, 


(2) a figure can be inscribed such that the area exceeds it by 
less than any assigned space. 


Proposition 24. 


The area bounded by the first turn of the spiral and the 
initial line is equal to one-third of the ‘first circle’ [=42 (27ra)’, 
where the spiral is r=aé]. 

[The same proof shows equally that, if OP be any radius 
vector in the first turn of the spiral, the area of the portion of 
the spiral bounded thereby is equal to one-third of that sector of 
the circle drawn with radius OP which 1s bounded by the initial 
line and OP, measured in the ‘forward’ direction from the 
unital line. ] 

Let O be the origin, OA the initial line, A the extremity of 
the first turn. 


Draw the ‘first circle, i.e. the circle with O as centre and 
OA as radius. 


Then, if C, be the area of the first circle, R, that of the first 
turn of the spiral bounded by OA, we have to prove that 


R, =1C,. 


3 


For, if not, R, must be either greater or less than C}. 


I. If possible, suppose R, < 4C\. 


We can then circumscribe a figure about A, made up of 
similar sectors of circles such that, if # be the area of this 
figure, 

F-R,<10,-R,, 
whence F< 4C,. 
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Let OP, OQ,... be the radii of the circular sectors, beginning 
from the smallest. ‘The radius of the largest is of course OA. 


The radii then form an ascending arithmetical progression 
in which the common difference is equal to the least term OP. 
If n be the number of the sectors, we have [by Prop. 10, Cor. 1] 


n.OA*< 3(OP* + 0Q?+...+ 0A’); 


and, since the similar sectors are proportional to the squares on 
their radii, it follows that 


é C, < 3F, 

or F>iC,. 
But this is impossible, since F’ was less than 3(C,. 

Therefore R, + 4C;. 


II. If possible, suppose R, > $C;. 


We can then inscribe a figure made up of similar sectors of 
circles such that, if f be its area, 
R, —f< R, — 4C,, 
whence f> 4C,. 
If there are (n — 1) sectors, their radii, as OP, OQ,..., form 
an ascending arithmetical progression in which the least term 
is equal to the common difference, and the greatest term, as 


OY, is equal to (n —1) OP. 
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Thus [Prop. 10, Cor. 1] 
n.O0A?>38(OP? + 0Q’?+...+ 0Y”), 


whence C, > 3f, 
or f <4; 
which is impossible, since f> 4C,. 
Therefore R, > 4C\. 
Since then R, is neither greater nor less than 4C,, 
R,=4C,. 


[Archimedes does not actually find the area of the spiral 
cut off by the radius vector OP, where P is any point on the 
first turn; but, in order to do this, we have only to substitute 


P 


[Ee 


in the above proof the area of the sector KZP of the circle 
drawn with O as centre and OP as radius for the area CO, of 
the ‘ first circle’, while the two figures made up of similar sectors 
have to be circumscribed about and inscribed in the portion 
OEP of the spiral. The same method of proof then applies 
exactly, and the area of OH P is seen to be 4 (sector KLIP). 


We can prove also, by the same method, that, if P be a 
point on the second, or any later turn, as the nth, the complete 
area described by the radius vector from the beginning up to 
the time when it reaches the position OP is, if C denote the 
area of the complete circle with O as centre and OP as radius, 
4 (C+sector KLP) or 4 (n—1.C+ sector KEP) respectively. 


The area so described by the radius vector is of course not 
the same thing as the area bounded by the last complete turn 
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of the spiral ending at P and the intercepted portion of the 
radius vector OP. Thus, suppose R, to be the area bounded 
by the first turn of the spiral and OA, (the first turn ending at 
A, on the initial line), R, the area added to this by the second 
complete turn ending at A, on the initial line, and so on. R, has 
then been described twice by the radius vector when it arrives 
at the position 0.A,; when the radius vector arrives at the 
position OA,, it has described R, three times, the ring R, twice, 
and the ring R; once; and so on. 


Thus, generally, if C,, denote the area of the ‘nth circle, we 
shall have 
4n0, = Rn t+2Rn»1t+ 3Ryp.+...+nk, 


while the actual area bounded by the outside, or the complete 
nth, turn and the intercepted portion of OA, will be equal to 
Rat Brat Rat. +R 


It can now be seen that the results of the later Props. 25 
and 26 may be obtained from the extension of Prop. 24 just 
given. 


To obtain the general result of Prop. 26, suppose BC to be 
an arc on any turn whatever of the spiral, being itself less than 
a complete turn, and” suppose B to be beyond A, the extremity 
of the nth complete turn, while C is ‘forward’ from B. 


Let 2 be the fraction of a turn between the end of the nth 


turn and the point B. 


Then the area described by the radius vector up to the 
position OB (starting from the beginning of the spiral) is 
equal to 


4 (x a) (circle with rad. OB). 


Also the area described by the radius vector from the beginning 
up to the position OC is 


4 {(m +) (circle with rad. OC) + (sector B'Mo)} : 
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The area bounded by OB, OC and the portion BEC of the 
spiral is equal to the difference between these two expressions ; 
and, since the circles are to one another as OB’ to OC”, the 
difference may be expressed as 


4 ie +?) (1 - oa) (circle with rad. OC) + (sector B’M oy} ; 
But, by Prop. 15, Cor., 
(n+ t) (circle B’MC) : {(x +2) (ircle’R MO)-¢ eocver B'Moy} 


=OB: OC, 


M 


so that 
(w Be (circle B‘MC) : (sector B’MC) = OB : (OC — OB). 


Thus ae aro # ote )Q ocr) +1} 


sector B’'MC * |\\OC—OB ~ OC? 
_, OB(OC + 0B) +00" 
Sie OC* 
_ 00.0B+4(0C- 0By 
OC? ; 


The result of Prop. 25 is a particular case of this, and the 
result of Prop. 27 follows immediately, as shown under that 
proposition. ] 
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Propositions 25, 26, 27. 


[Prop. 25.] If A, be the end of the second turn of the spiral, 
the area bounded by the second turn and OA, is to the area 
of the ‘second circle’ in the ratio of 7 to 12, being the ratio of 
{rai+4(r2—11)} to vr", where r,, rT, are the radii of the ‘first’ 
and ‘ second’ circles respectively. 

[Prop. 26.] If BC be any arc measured in the ‘forward’ 
direction on any turn of a spiral, not being greater than the 
complete turn, and tf a circle be drawn with O as centre and OC 
as radius meeting OB in B’, then 

(area of spiral between OB, OC) : (sector OB’C) 
= {0C.0B+4(00— OBY} : OC”. 

[Prop. 27.] If R, be the area of the first turn of the spiral 
bounded by the initial line, R, the area of the ring added by the 
second complete turn, R; that of the ring added by the third turn, 
and so on, then 

is = 2s, Lo Shs, Ly = 41ty,..2, 10, =(0 — 1) iy. 
Also R,=6R,. 

[Archimedes’ proof of Prop. 25 is, mutatis mutandis, the 
same as his proof of the more general Prop. 26. The latter 
will accordingly be given here, and applied to Prop. 25 as a 
particular case. ] 

Let BC be an arc measured in the ‘forward’ direction on 
any turn of the spiral, CK B’ the circle drawn with O as centre 
and OO as radius. 

Take a circle such that the square of its radius is equal 
to OC.OB+i1(0C— OB)’, and let o be a sector in it whose 
central angle is equal to the angle BOC. 

Thus «o: (sector OB’C) = {0C. 0B + 4(0C — OB)} : OC", 
and we have therefore to prove that 
(area of spiral OBC) =o. 


For, if not, the area of the spiral OBC (which we will call S) 
must be either greater or less than a. 
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I. Suppose, if possible, S < oc. 
Cireumscribe to the area S a figure made up of similar 
sectors of circles, such that, if F be the area of the figure, 
F-S<a-S, 
whence SS a 
Let the radii of the successive sectors, starting from OB, 


be OP, 0Q,...0C. Produce OP, OQ,...-to meet the circle 
CRB. 


If then the lines OB, OP, OQ,... OC be » in number, the 
number of sectors in the circumscribed figure will be (n — 1), 
and the sector OB’C will also be divided into (n—1) equal 
sectors. Also OB, OP, OQ,...OC will form an ascending 


arithmetical progression of n terms. 
Therefore [see Prop. 11 and Cor.] 
(n—1)0C? : (OP* + 0Q’ +... + OC’) 
< OC’ : {0C. OB + 4(0C — OB)*} 
< (sector OB’C) : «, by hypothesis. 
Hence, since similar sectors are as the squares of their radii, 
(sector OB’C) : F< (sector OB’C) : c, 
so that i> a. 
But this is impossible, because F< a. 
Therefore Sto. 
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II. Suppose, if possible, S >. 

Inscribe in the area S a figure made up of similar sectors of 
circles such that, if f be its area, 

S— St <S- oO, 
whence Joe: 

Suppose OB, OP,...OY to be the radii of the successive 
sectors making up the figure f, being (m — 1) in number. 

We shall have in this case [see Prop. 11 and Cor.] 

(n—1) OC? : (OB? + OP? +...+ OY”) 
> 00? : {0C.OB + 4(00 — OB)’}, 
whence (sector OB’C) : f > (sector OB’C) : a, 
so that f<o. 
But this is impossible, because f > c. 

Therefore So. 

Since then S is neither greater nor less than a, it follows that 
So; 

In the particular case where B coincides with A,, the end 
of the first turn of the spiral, and C with A,, the end of the 
second turn, the sector OB’C becomes the complete ‘second 
circle, that, namely,¢with OA, (or 7) as radius. 

Thus 

(area of spiral bounded by OA,) : (‘second circle’) 
=qrnt+i(rs—n)} ir 
=(2+4):4 (since r,=2n) 
Sif ob. 
Again, the area of the spiral bounded by OA, is equal to 
R, +R, (ie. the area bounded by the first turn and OA,, 


together with the ring added by the second turn). Also the 
‘second circle’ is four times the ‘first circle, and therefore 


equal to 12 R,. 

Hence (Ree) AR = 7-5 12; 

or Ree heya Thy: 

Thus ee ON At eraneees vc Noes «% (1). 
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Next, for the third turn, we have 
(R, + R,+ BR) : (‘third circle’) = {rgr.+ 4 (rs — 12)} 2 1s" 


= (3.244): 3° 
= 195-27, 
and (‘third circle’) = 9 (‘first circle ’) 
= 2s 
therefore RB, + R, +R, =19R,, 
and, by (1) above, it follows that 
sree Ta 
Se Ll tkos atu dat core vous ce cei eeds (2), 
and so on. 


Generally, we have 
(A, + Bo+...+Rp) : (nth circle) = {rata + $ (rn — Tr-a)} 2 Tn’ 
(R, + By +..,+ Ra) : (n — 1th circle) 
= {tet tea + ete Taal) 2 toma 
and (nth circle) : (n — 1th circle) = 1,2 : Tp. 
Therefore 
(R, + R,+...+ Rp): (R, + RB, +... + Ra) 
= {n(n—- 1) +3}: {-1)(n—-2) +9} 
= {8n(n—1)4+1}: {8 (n-1)\(n—2)4+ }}. 


Dirimendo, 
Rat (hth + Reet. + Ra) 

=6(n—1): {3 (n—1)(n—2) 41}... (a). 
Similarly 


Raa: (Ri + By +... + Rn) = 6 (n — 2) : {3 (nm — 2) (n — 8) + 1}, 
from which we derive 
Ria? Chart Ry teeeceeere es) 
= 6 (n — 2): {6 (n— 2) +3 (n— 2) (n—3) +1} 
= 6(n— 2): {8(n-1)(n-—2) 41}... (8). 
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Combining (a) and (@), we obtain 


Ry: Ry. =(n—1): (n— 2). 
Thus 


R,, Rs, Ry, ... Ry are in the ratio of the successive numbers 
125 (ny. 


Proposition 28. 


If O be the origin and BC any are measured in the ‘forward’ 
direction on any turn of the spiral, let two circles be drawn 
(1) with centre O, and radius OB, meeting OC in CO’, and 
(2) with centre O and radius OC, meeting OB produced in B’. 
Then, if E denote the area bounded by the larger circular arc 
B’C, the line B’B, and the spiral BC, while F denotes the area 
bounded by the smaller arc BC’, the line CC’ and the spiral BOC, 

E: F={0B+2(0C — OB)} : {OB +4(OC — OB). 


Let o denote the area of the lesser sector OBC’; then the 
larger sector OB’C is equal too + F'+ #, 


A? 


Thus [Prop. 26] 
(c+ F):(¢+F+£)={00. 0B +4 (00 — OB)’ : OC*...(1), 
whence 
E :(¢ + F) = {00(0C — OB) — 4(0C — OB) 
:{0C.0B +4 (OC — OB)’} 
= {0B (00 — OB) + 3(00 — OB} 
: {0C.0B + 4(0C — OB)’}.......0445. (2). 
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Again 
(o+F+EF):0=0C: OB’. 
Therefore, by the first proportion above, ex aequali, 
(c+ F):0¢={00.0B+4(0C — OB)’} : OB’, 
whence 
(o+ F): F={0C.0B+4(0C — OB)} 
: {OB(OC — OB) + 4(0C — OB)’. 
Combining this with (2) above, we obtain 
E: F={OB(00C — OB) + 3(OC — OB)} 
: {OB(OC — OB) + 4(0C — OB)’} 
= {0B +2(0C — OB)} : {OB +4(OC— OB)}. 


ON THE EQUILIBRIUM OF PLANES 
OR 


THE CENTRES OF GRAVITY OF PLANES. 


BOOK I. 


“T POSTULATE the following: 


1. Equal weights at equal distances are in equilibrium, 
and equal weights at unequal distances are not in equilibrium 
but incline towards the weight which is at the greater distance. 


2. If, when weights at certain distances are in equilibrium, 
something be added to one of the weights, they are not in 
equilibrium but incline towards that weight to which the 
addition was made. 


3. Similarly, if anything be taken away from one of the 
weights, they are not in equilibrium but incline towards the 
weight from which nothing was taken. 


4, When equal and similar plane figures coincide if applied 
to one another, their centres of gravity similarly coincide. 


5. In figures which are unequal but similar the centres of 
gravity will be similarly situated. By points similarly situated 
in relation to similar figures I mean points such that, if straight 
lines be drawn from them to the equal angles, they make equal 
angles with the corresponding sides. 
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6. If magnitudes at certain distances be in equilibrium, 
(other) magnitudes equal to them will also be in equilibrium at 
the same distances. 

7. In any figure whose perimeter is concave in (one and) 
the same direction the centre of gravity must be within the 
figure.” 


Proposition 1. 


Weights which balance at equal distances are equal. 

For, if they are unequal, take away from the greater the 
difference between the two. The remainders will then not 
balance [Post. 3]; which is absurd. 

Therefore the weights cannot be unequal. 


Proposition 2. } 


Unequal weights at equal distances will not balance but will 
incline towards the greater weight. anc 


For take away from the greater the difference between the 
two. The equal remainders will therefore balance [Posé. 1]. 
Hence, if we add the difference again, the weights will not 
balance but incline towards the greater [Post. 2]. 


Proposition 3. 
Unequal weights will balance at unequal distances, the greater 
weight being at the lesser distance. 


Let A, B be two unequal weights (of which A is the 
greater) balancing about C at distances AC, BC respectively. 


Then shall AC be less than BC. For, if not, take away 
from A the weight (A —B.) The remainders will then incline 
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towards B [ Post. 3]. But this is impossible, for (1) if AC=CB, 
the equal remainders will balance, or (2) if AC > CB, they will 
incline towards A at the greater distance [Post. 1]. 


Hence AC < CB. 


Conversely, if the weights balance, and AC<OB, then 
A>B. 


Proposition 4. 


Tf two equal weights have not the same centre of gravity, the 
centre of gravity of both taken together is at the middle point of 
the line joining their centres of gravity. 


[Proved from Prop. 3 by reductio ad absurdwm. Archimedes 
assumes that the centre of gravity of both together is on the 
straight line joining the centres of gravity of each, saying that 
this had been proved before (arpodédecxtat). The allusion is no 
doubt to the lost treatise On levers (mepi fvydr).] 


Proposition 5. 


é 
If three equal magmtudes have their centres of gravity on a 
straight line at equal distances, the centre of grauty of the 
system will coincide with that of the middle magnitude. 


[This follows immediately from Prop. 4.] 


Cor 1. The same is true of any odd number of magnitudes 
of those which are at equal distances from the middle one are 
equal, while the distances between their centres of gravity are 
equal. 


Cor. 2. If there be an even number of magnitudes with 
their centres of gravity situated at equal distances on one straight 
line, and if the two middle ones be equal, while those which are 
equidistant from them (on each side) are equal respectively, the 
centre of gravity of the system is the middle point of the line 
joining the centres of gravity of the two middle ones. 
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Propositions 6, 7. 


Two magnitudes, whether commensurable [Prop. 6] or i- 
commensurable [Prop. 7], balance at distances reciprocally 
proportional to the magnitudes. 


I. Suppose the magnitudes A, B to be commensurable, 
and the points A, B to be their centres of gravity. Let DE be 
a straight line so divided at C that 


A:B=DC: CE. 


We have then to prove that, if A be placed at H and B at 
D, C is the centre of gravity of the two taken together. 


Repo 


Since A, B are commensurable, so are DC, CE. Let N be 
a common measure of DC, CH. Make DH, DK each equal to 
CE, and LL (on CE produced) equal to CD. Then HH=CD, 
since DH=CE. Therefore LH is bisected at H, as HK is 
bisected at D. 


Thus LH, HK must each contain N an even number of 
times. 


Take a magnitude O such that O is contained as many 
times in A as JN is contained in LH, whence 


A:O0O=LH :N. 
But B:A=CE : DC 
=HK: LH. 


Hence, ex aequali, B: O= HK: N, or O is contained in B as 
many times as J is contained in HK. 


Thus O is a common measure of A, B. 
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Divide LH, HK into parts each equal to NV, and A, B into’ 
parts each equal to 0. The parts of A will therefore be equal 
in number to those of LH, and the parts of B equal in number 
to those of HK. Place one of the parts of A at the middle 
point of each of the parts V of DH, and one of the parts of B 
at the middle point of each of the parts V of HK. 

Then the centre of gravity of the parts of A placed at equal 
‘distances on LH will be at HL, the middle point of LH [Prop. 5, 
Cor. 2], and the centre of gravity of the parts of B placed at 
equal distances along HK will be at D, the middle point of HK. 

Thus we may suppose A itself applied at H, and B itself 
applied at D. 

But the system formed by the parts O of A and B together 
is a system of equal magnitudes even in number and placed at 
equal distances along LK. And, since LE = CD, and EC=DkK, 
LC= OK, so that Cis the middle point of LK. Therefore C is 
the centre of gravity of the system ranged along LK. 

Therefore A acting at # and B acting at D balance about 
the point C. 

II. Suppose the magnitudes to be incommensurable, and 
let them be (A +a) and B respectively. Let DH be a line 
divided at C'so that “ 

(A+a):B=DC: CE. 


D c E 
] 


Then, if (A+a) placed at # and B placed at D do not 
balance about C, (A +a) is either too great to balance JB, or not 
great enough. 

Suppose, if possible, that (A +) is too great to balance B. 
Take from (A +a) a magnitude a smaller than the deduction 
which would make the remainder balance B, but such that the 
remainder A and the magnitude B are commensurable. 


‘ 
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Then, since A, B are commensurable, and 
A’: B= DC ECE, 
A and B will not balance [Prop. 6], but D will be depressed. 

But this is impossible, since the deduction aw was an 
insufficient deduction from (4d +a) to produce equilibrium, so 
that # was still depressed. 

Therefore (4 +a) is not too great to balance B; and 
similarly it may be proved that B is not too great to balance 
(A +a). 

Hence (A+a), B taken together have their centre of 
gravity at C. 


Proposition 8. 


If AB be a magnitude whose centre of gravity is C, and AD 
a part of tt whose centre of gravity is F, then the centre of 
grauty of the remaining part will be a point G on FC produced 


such that 
GU CF a(AD): (DEY 


i) 


D B 


For, if the centre of gravity of the remainder (D£) be not 
G, let it be a point H. Then an absurdity follows at once from 
Props. 6, 7. 


Proposition 9. 


The centre of gravity of any parallelogram Ives on the 
straight line joning the middle points of opposite sides. 

Let ABCD be a parallelogram, and let HF join the middle 
points of the opposite sides AD, BC. 


If the centre of gravity does not lie on HF, suppose it to be 
d, and draw HK parallel to AD or BC meeting EF in K. 
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Then it is possible, by bisecting ED, then bisecting the 
halves, and so on continually, to arrive at a length HL less 


A ee D 


B F S 


than KH. Divide both AH and ED into parts each equal 
to EL, and through the points of division draw parallels to AB 
or CD. 

We have then a number of equal and similar parallelograms, 
and, if any one be applied to any other, their centres of gravity 
‘coincide [Post. 4]. Thus we have an even number of equal 
magnitudes whose centres of gravity lie at equal distances along 
a straight line. Hence the centre of gravity of the whole 
parallelogram will lie on the line joining the centres of gravity 
of the two middle parallelograms [Prop. 5, Cor. 2]. 

But this is impossible, for H is outside the middle 
parallelograms. 


Therefore the centre of gravity cannot but lie on HF. 


Proposition 10. 


The centre of gravity of a parallelogram is the point of 
intersection of its diagonals. 

For, by the last proposition, the centre of gravity lies on 
each of the lines which bisect opposite sides. Therefore it 
is at the point of their intersection; and this is also the 
point of intersection of the diagonals. 


Alternative proof. 

Let ABCD be the given parallelogram, and BD a diagonal. 
Then the triangles ABD, CDB are equal and similar, so that 
[ Post. 4], if one be applied to the other, their centres of gravity 
will fall one upon the other. 


196 ARCHIMEDES 


Suppose F' to be the centre of gravity of the triangle ABD. 
Let G be the middle point of BD. 
Join FG and produce it to H, so 
that FG = GH. 

If we then apply the triangle 
ABD to the triangle CDB so that 
AD falls on CB and AB on CD,the 8 c 
point F will fall on H. 

But [by Post. 4] F will fall on the centre of gravity of 
CDB. Therefore H is the centre of gravity of CDB. 

Hence, since Ff’, H are the centres of gravity of the two 
equal triangles, the centre of gravity of the whole parallelogram 


is at the middle point of FH, i.e. at the middle point of BD, 
which is the intersection of the two diagonals. 


D 


Proposition 11. 


If abc, ABC be two similar triangles, and g, G two points in 
them similarly situated with respect to them respectively, then, if 
g be the centre of gravity of the triangle abc, G must be the centre 
of gravity of the triangle ABC. 


Suppose ab: be: ca=AB: BC: CA. 


b e B 


The proposition is proved by an obvious reductio ad 
absurdum. For, if G be not the centre of gravity of the 
triangle ABC, suppose H to be its centre of gravity. 

Post. 5 requires that g, H shall be similarly situated with 
respect to the triangles respectively; and this leads at once 
to the absurdity that the angles HAB, GAB are equal. 


ON THE EQUILIBRIUM OF PLANES I. 197 


Proposition 12. 


Given two similar triangles abc, ABC, and d, D the middle 
points of be, BC respectively, then, if the centre of gravity of abc 
lie on ad, that of ABC will lie on AD. 

Let g be the point on ad which is the centre of gravity 
of abe. 

A 


ticular 


ti) d c B D Cc 


Take G on AD such that 
ad: ag=AD: AG, 
and join gb, gc, GB, GC. 
Then, since the triangles are similar, and bd, BD are the 
halves of bc, BC respectively, 
ab:bd=AB: BD, 
and the angles abd, ABD are equal. 
Therefore the triangles abd, ABD are similar, and 
Zbad=2Z BAD. 
Also ba: ad=BA : AD, 
while, from above, ad: ag=AD: AG. 
Therefore ba: ag=BA: AG, while the angles bag, BAG 
are equal. 
Hence the triangles bag, BAG are similar, and 


Zabg=2Z ABG. 
And, since the angles abd, ABD are equal, it follows that 
Zgbd =z GBD. 
In exactly the same manner we prove that 
Zgac=2 GAC, 
Zacg=Z ACG, 


Aged =2GCD. 
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Therefore g, @ are similarly situated with respect to the 
triangles respectively; whence [Prop. 11] @ is the centre of 
gravity of ABC. 


Proposition 13. 


In any triangle the centre of gravity lies on the straight line 
joining any angle to the nuddle point of the opposite side. 

Let ABC be a triangle and D the middle point of BC. 
Join AD. Then shall the centre of gravity lie on AD. 

For, if possible, let this not be the case, and let H be the 
centre of gravity. Draw HI parallel to CB meeting AD in J. 

Then, if we bisect DC, then bisect the halves, and so on, 
we shall at length arrive at a length, as DE, less than HI. 


Divide both BD and DC into lengths each equal to DE, and 
through the points of division draw lines each parallel to DA 
meeting BA and AC in points as K, L, M and N, P, Q 


respectively. 


Join MN, LP, KQ, which lines will then be each parallel 
to BC. 


We have now a series of parallelograms as FQ, TP, SN, 
and AD bisects opposite sides in each. Thus the centre 
of gravity of each parallelogram lies on AD [Prop. 9], and 
therefore the centre of gravity of the figure made up of them 
all les on AD. 
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Let the centre of gravity of all the parallelograms taken 
together be O. Join OH and produce it; also draw CV 
parallel to DA meeting OH produced in V. 

Now, if x be the number of parts into which AC is divided, 

AADC : (sum of triangles on AN, WP...) 
=AC*:(AN*+ NP? +...) 


Sen 
=n:1 
AC? AN. 
Similarly 
A ABD : (sum of triangles on AM, ML,...)=AB: AM. 
And ACVAN=AB? AM. 


It follows that 
A ABC: (sum of all the small As)=CA: AN 
> VO: OF, by parallels. 
Suppose OV produced to X so that 
A ABC: (sum of small As)= XO: OH, 
whence, dividendo, 

(sum of parallelograms) : (sum of small As)= XH: HO. 
Since then the centre of gravity of the triangle ABC is at H, 
and the centre of gravity of the part of it made up of the 
parallelograms is at O, it follows from Prop. 8 that the centre 
of gravity of the remaining portion consisting of all the small 
triangles taken together is at X. 

But this is impossible, since all the triangles are on one side 
of the line through X parallel to AD. 

Therefore the centre of gravity of the triangle cannot but 
lie on AD. 


Alternative proof. 

Suppose, if possible, that H, not lying on AD, is the centre 
of gravity of the triangle ABC. Join AH, BH, CH. Let 
E, F be the middle points of CA, AB respectively, and join 
DE, EF, FD. Let EF meet AD in M. 
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Draw FK, EL parallel to AH meeting BH, CH in K,L 
respectively. Join KD, HD, LD, KL. Let KL meet DH in 
N, and join MN. 


Since DE is parallel to AB, the triangles ABC, EDC are 
similar. 

And, since CH= HA, and EL is parallel to AH, it follows 
that CL=LH. And CD=DB. Therefore BH is parallel 
to DL. 

Thus in the similar and similarly situated triangles ABC, 
EDC the straight lines AH, BH are respectively parallel to 
EL, DL; and it follows that H, LZ are similarly situated with 
respect to the triangles respectively. 

But H is, by hypothesis, the centre of gravity of ABC. 
Therefore LZ is the centre of gravity of HDC. [Prop. 11] 

Similarly the point K is the centre of gravity of the 
triangle FBD. 

And the triangles FBD, EDC are equal, so that the centre 
of gravity of both together is at the middle point of KZ, ie. at 
the point JV. 

The remainder of the triangle ABC, after the triangles FBD, 
EDC are deducted, is the parallelogram AFDE, and the centre 
of gravity of this parallelogram is at M, the intersection of its 
diagonals. 

It follows that the centre of gravity of the whole triangle 
ABC must lie on MN; that is, MN must pass through H, which 
is impossible (since MN is parallel to AH). 

Therefore the centre of gravity of the triangle ABC cannot 
but le on AD. 
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Proposition 14. 


It follows at once from the last proposition that the centre 
of gravity of any triangle is at the intersection of the lines drawn 
from any two angles to the middle points of the opposite sides 
respectively. 


Proposition 15. 


If AD, BC be the two parallel sides of a trapezium ABCD, 
AD being the smaller, and if AD, BC be bisected at EH, F 
respectively, then the centre of gravity of the trapezium is at a 
point G on EF such that 

GE: GF=(2BC+ AD) : 2AD+ BO). 

Produce BA, CD to meet at 0. Then FE produced will 

also pass through O, since AH = ED, and BF = FC. 


Now the centre of gravity of the triangle OAD will lie on 
OE, and that of the triangle OBC will lie on OF. [Prop. 13] 


It follows that the centre of gravity of the remainder, the 
trapezium ABCD, will also lie on OF. [Prop. 8] 


Join BD, and divide it at Z, M into three equal parts. 
Through LZ, M draw PQ, RS parallel to BC meeting BA in 
P, R, FE in W, V, and CD in Q, S respectively. 

Join DF, BE meeting PQ in H and RS in K respectively. 

Now, since BL=iBD, 

FH=}FD. 
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Therefore H is the centre of gravity of the triangle DBC*. 

Similarly, since HK =4 BE, it follows that K is the centre 
of gravity of the triangle ADB. 

Therefore the centre of gravity of the triangles DBC, ADB 
together, i.e. of the trapezium, lies on the line HK. 

But it also hes on OF. 

Therefore, if OF, HK meet in G, G is the centre of gravity 
of the trapezium. 

Hence [Props. 6, 7] 

ADBC: A ABD=KG: GH 


=VG:GW. 
But A DBC: A ABD=BC: AD. 
Therefore BC: AD=VG: GW. 


It follows that 
(2BC4+ AD):(2AD+ BC)=(2VG+GW):(2GW+VG) 


=EG: GF. 
Q. E. D. 


* This easy deduction from Prop. 14 is assumed by Archimedes without 
proof. 
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BOOK IL. 


Proposition 1. 


If P, P’ be two parabolic segments and D, E their centres 
of gravity respectively, the centre of gravity of the two segments 
taken together will be at a point C on DE determined by the 
relation 

f ghee oa OY Dias OF Bagi 

In the same straight line with DE measure HH, EL each 
equal to DC, and DK equal to DH; whence it follows at once 
that DK =CE, and also that KC = CL. 

dl 


* This proposition is really a particular case of Props. 6, 7 of Book I. and 
is therefore hardly necessary. As, however, Book II. relates exclusively to 
parabolic segments, Archimedes’ object was perhaps to emphasize the fact 
that the magnitudes in I. 6, 7 might be parabolic segments as well as 
rectilinear figures. His procedure is to substitute for the segments rect- 
angles of equal area, a substitution which is rendered possible by the results 
obtained in his separate treatise on the Quadrature of the Parabola, 


204 ARCHIMEDES 


Apply a rectangle MN equal in area to the parabolic 
segment P to a base equal to KH, and place the rectangle so 
that KH bisects it, and is parallel to its base. 


Then D is the centre of gravity of MN, since KD= DH. 
Produce the sides of the rectangle which are parallel to KH, 


and complete the rectangle WO whose base is equal to HL. 
Then £ is the centre of gravity of the rectangle VO. 


Now (MN) :(NO)=KH: HL 
=DH: EH 
=. CH-: CD 
Ee aid ex 

But (HEN =P. 

Therefore (NO)=P" 


Also, since C is the middle point of KL, C is the centre 
of gravity of the whole parallelogram made up of the two 
parallelograms (MN), (VO), which are equal to, and have the 
same centres of gravity as, P, P’ respectively. 


Hence C is the centre of gravity of P, P’ takeu together. 


Definition and lemmas preliminary to Proposition 2. 


“Tf in a segment bounded by a straight line and a section 
of a right-angled cone [a parabola] a triangle be inscribed 
having the same base as the segment and equal height, if again 
triangles be inscribed in the remaining segments having the 
same bases as the segments and equal height, and if in the 
remaining segments triangles be inscribed in the same manner, 
let the resulting figure be said to be imscribed in the 
recognised manner (yvwpisws éyypadeo Gar) in the segment. 


And it is plain 


(1) that the lines jouning the two angles of the figure so inscribed 
which are nearest to the vertex of the segment, and the neat 
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pars of angles in order, will be parallel to the base of the 
segment, 

(2) that the said lines will be bisected by the diameter of the 
segment, and 

(3) that they will cut the diameter in the proportions of the 
successive odd numbers, the number one having reference to [the 
length adjacent to] the vertex of the segment. 

And these properties will have to be proved in their proper 
places (év tats takeov).” 

[The last words indicate an intention to give these pro- 
positions in their proper connexion with systematic proofs; but 
the intention does not appear to have been carried out, or at 
least we know of no lost work of Archimedes in which they 
could have appeared. The results can however be easily 
derived from propositions given in the Quadrature of the 
Parabola as follows.  , 

(1) Let BRQPApgrb be a figure inscribed ‘in the recog- 
nised manner’ in the parabolic segment BAb of which Bb is 
the base, A the vertex and AO the diameter. 


Bisect each of the lines BQ, BA, QA, Ag, Ab, gb, and 
through the middle points draw lines parallel to AO meeting 
Bb in G, F, E, e, f, g respectively. 
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These lines will then pass through the vertices R, Q, P, 
p,q of the respective parabolic segments [Quadrature of the 
Parabola, Prop. 18], ic. through the angular points of the 
inscribed figure (since the triangles and segments are of equal 
height). 


Also BG=GF=FE=E0, and Oe=ef=fg= gb. But 
BO = Ob, and therefore all the parts into which Bb is divided 
are equal. 


If now AB, RG meet in L, and Ab, rg in l, we have 
BG: GL =B0: OA, by parallels, 
=b0;0A 


=bg: gl, 
whence GL = gl. 


Again [zbid., Prop. 4] 
GL: LR=BO: 04 
=b0: Og 


=gl: ir; 
and, since GL =gl, LR=lIr. 


Therefore GR, gr are equal as well as parallel. 
_ Hence GRrg is a parallelogram, and Rr is parallel to Bob. 


Similarly it may be shown that Pp, Qg are each parallel 
to Bo. 


(2) Since RGgr is a parallelogram, and RG, rg are 
parallel to AO, while GO= Og, it follows that Rr is bisected 
by AO. 

And similarly for Pp, Qq. 

(3) Lastly, if V, W, X be the points of bisection of Pp, 
Qq, Rr, 

AV: AW AX AO=2V OW Rx DO 
ail 409 16) 
whence AV’: V Wer WX OX Oe Sebi 
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Proposition 2. 


Lf a figure be ‘inscribed in the recognised manner’ in a 
parabolic segment, the centre of gravity of the figure so inscribed 
will lie on the diameter of the segment. 

For, in the figure of the foregoing lemmas, the centre of 
gravity of the trapezium BRrb must lie on XO, that of the 
trapezium RQgr on WX, and so on, while the centre of gravity 
of the triangle PAp lies on AV. 


Hence the centre of gravity of the whole figure lies on AQ. 


Proposition 3. 


If BAB’, bab’ be two similar parabolic segments whose 
diameters are AO, ao respectiwely, and of a figure be inscribed 
in each segment ‘in the recognised manner, the number of sides 
in each figure being equal, the centres of gravity of the inscribed 
Jigures will divide AO, ao in the same ratio. 


[Archimedes enunciates this proposition as true of similar 
segments, but it is equally true of segments which are not 
similar, as the course of the proof will show.] 

Suppose BRQPAP’Q'R’B’, brqpap'q'r'b’ to be the two 
figures inscribed ‘in the recognised manner.’ Join PP’, QQ’, 
RR’ meeting AO in L, M, N, and pp’, qq, rr’ meeting ao 
in 1, m, n. 

Then [Lemma (3)] 

AL: IM: MN: NO 
=L8 sbi 
=al:lm:mn: no, 
so that AO, ao are divided in the same proportion. 
Also, by reversing the proof of Lemma (3), we see that 
PP! 2pp = QQ 3 9g = RR srr’ = BB’ : bb". 

Since then RR’: BB'=rr’: bb’, and these ratios respec- 

tively determine the proportion in which WO, no are divided 
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by the centres of gravity of the trapezia BRR’B’, brr’b’ [1. 15], 
it follows that the centres of gravity of the trapezia divide VO, 
no in the same ratio. 


Similarly the centres of gravity of the trapezia RQQ’R’, 
rqq'7” divide MN, mn in the same ratio respectively, and so on. 

Lastly, the centres of gravity of the triangles PAP’, pap’ 
divide AL, al respectively in the same ratio. 

Moreover the corresponding trapezia and triangles are, each 
to each, in the same proportion (since their sides and heights 
are respectively proportional), while AO, ao are divided in 
the same proportion. 

Therefore the centres of gravity of the complete inscribed 
figures divide AO, ao in the same proportion. 


Proposition 4. 


The centre of gravity of any parabolic segment cut off by a 
straight line lies on the diameter of the segment. 


Let BAB’ be a parabolic segment, A its vertex and AO its 
diameter. 


Then, if the centre of gravity of the segment does not lie on 


AO, suppose it to be, if possible, the point F. Draw FE 
parallel to AO meeting BB’ in E. 


ON THE EQUILIBRIUM OF PLANES II. 209 


Inscribe in the segment the triangle ABB’ having the same 
vertex and height as the segment, and take an area S such 
that 

NABB 7S =BE EO; 


L 


K B 


B/ 


We can then inscribe in the segment ‘in the recognised 
manner’ a figure such that the segments of the parabola left 
over are together less than S. [For Prop. 20 of the Quadrature 
of the Parabola proves that, if in any segment the triangle with 
the same base and height be inscribed, the triangle is greater 
than half the segment; whence it appears that, each time that 
we increase the number of the sides of the figure inscribed ‘in 
the recognised manner, we take away more than half of the 
remaining segments. ] 

Let the inscribed figure be drawn accordingly ; its centre 
of gravity then lies on AO {Prop. 2]. Let it be the point H. 

Join HF and produce it to meet in K the line through B 
parallel to AO. 

Then we have 

(inscribed figure) : (remainder of segmt.)> A ABB’: S 
>BE: EO 
at 60 ea a 


Suppose Z taken on HK produced so that the former ratio is 
equal to the ratio LF’: FH. 
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Then, since H is the centre of gravity of the inscribed 
figure, and F that of the segment, Z must be the centre 
of gravity of all the segments taken together which form the 
remainder of the original segment. [I. 8] 


But this is impossible, since all these segments lie on one 
side of the line drawn through L parallel to AO [Cf. Post. 7]. 


Hence the centre of gravity of the segment cannot but lie 
on AO. 


Proposition 5. 


If in a parabolic segment a figure be inscribed ‘in the 
recognised manner, the centre of gravity of the segment is nearer 
to the vertex of the segment than the centre of gravity of the 
wnscribed figure rs. 


Let BAB’ be the given segment, and AO its diameter. 
First, let ABB’ be the triangle in- 
scribed ‘in the recognised manner.’ 


Divide AO in F'so that AF=2F0; 
F is then the centre of gravity of the 
triangle ABB’. 

Bisect AB, AB’ in D, D’ respec- 
tively, and joi DD’ meeting AO in £. 
Draw DQ, D’Q’ parallel to OA to meet 
the curve. QD, Q'D’ will then be the 
diameters of the segments whose bases 
are AB, AB’,and the centres of gravity 
of those segments will lie respectively 
on QD, Q’D’ [Prop. 4]. Let them be H, H’, and join HH’ 
meeting AO in K. 


B 


Now QD, Q’D’ are equal*, and therefore the segments of 
which they are the diameters are equal [On Conoids and 
Spheroids, Prop. 3]. 


* This may either be inferred from Lemma (1) above (since QQ’, DD’ are 
both parallel to BB’), or from Prop. 19 of the Quadrature of the Parabola, which 
applies equally to Q or Q’. 
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Also, since QD, Q’D’ are parallel*, and DE = ED’, K is the 
middle point of HH’. 

Hence the centre of gravity of the equal segments AQB, 
AQ’B’ taken together is K, where K lies between FH and A. 
And the centre of gravity of the triangle ABB’ is F. 

It follows that the centre of gravity of the whole segment 
BAB’ lies between K and F, and is therefore nearer to the 

- vertex A than F is. 

Secondly, take the five-sided figure BQAQ’B’ inscribed ‘in 
the recognised manner, QD, Q’D’ being, as before, the diameters 
of the segments AQB, AQ’B’. 

Then, by the first part of this proposition, the centre of 
gravity of the segment AQB (lying of course on QD) is nearer 
to Q than the centre of gravity of the triangle AQB is. Let 
the centre of gravity of the segment be H, and that of the 
triangle J. 

Similarly let H’ be the centre of gravity of the segment 
AQ’B’, and I’ that of the triangle AQ’B’. 

It follows that the centre of gravity 
of the two segments AQB, AQ’B’ taken 
together is K, the middle point of HH’, 
and that of the two triangles AQB, AQ’B’ 
is LZ, the middle point of JI’. 


If now the centre of gravity of the 
triangle ABB’ be F, the centre of gravity 
of the whole segment BAB’ (1e. that of 
the triangle ABB’ and the two segments 
AQB, AQ’B’ taken together) is a point 
G on KF determined by the proportion 
(sum of segments AQB, AQ’B’): AABB’=FG: GK. [I.6, 7] 


* There is clearly some interpolation in the text here, which has the words 
kal érel mapaddnd\dypaymoy éor. 70 OZHI. It is not yet proved that H’D’DH is 
a parallelogram ; this can only be inferred from the fact that H, H’ divide QD, 
Q’'D’ respectively in the same ratio. But this latter property does not appear 
till Prop. 7, and is then only enunciated of similar segments. The interpolation 
must have been made before Eutocius’ time, because he has a note on the 
phrase, and explains it by gravely assuming that H, H’ divide QD, Q’D’ respec- 
tively in the same ratio. 
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And the centre of gravity of the inscribed figure BQAQ’B’ 
is a point F” on LF determined by the proportion 

(AAQB+AAQ’B’): AABB'=FF': F'L. (I. 6, 7] 

[Hence FG :GK>FF’: FL, 
or CR FG < FL. FF’, 
and, componendo, FK:FG<FL: FF’, while FK> FL.] 
Therefore FG > FF’, or G lies nearer than F” to the vertex A. 


Using this last result, and proceeding in the same way, 
we can prove the proposition for any figure inscribed ‘in the 
recognised manner.’ 


Proposition 6. 


Given a segment of a parabola cut off by a straight line, vt 1s 
possible to inscribe in it ‘in the recogmsed manner’ a figure such 
that the distance between the centres of gravity of the segment and 
of the inscribed figure vs less than any assigned length. 


Let BAB’ be the segment, AO its diameter, G its centre 
of gravity, and ABB’ the triangle inscribed ‘in the recognised 
manner.’ 


Let D be the assigned length and S an area such that 
AG: D=AABB’:S. 


In the segment inscribe ‘in the recognised manner’ a figure 
such that the sum of the segments left over is less than S. 
Let F be the centre of gravity of the inscribed figure. 


We shall prove that FG < D. 
For, if not, FG must be either equal to, or greater than, D. 
And clearly 
(inscribed fig.) : (sum of remaining segmts.) 
SAARBAS 
= AOSD 
> AG: FG, by hypothesis (since FG € D), 


ON THE EQUILIBRIUM OF PLANES II. 213 


Let the first ratio be equal to the ratio KG : FG (where K 
lies on GA produced); and it follows that K is the centre of 
gravity of the small segments taken together. [I. 8] 


B 


But this is impossible, since the segments are all on the 
same side of a line drawn through KX parallel to BB’. 


Hence FG cannot but be less than D. 


Proposition 7. 


If there be two similar parabolic segments, their centres of 
gramty divide their diameters in the same ratio. 


[This proposition, though enunciated of similar segments 
only, like Prop. 3 on which it depends, is equally true of 
any segments. This fact did not escape Archimedes, who 
uses the proposition in its more general form for the proof of 
Prop. 8 immediately following. | 

Let BAB’, bab’ be the two similar segments, AO, ao their 
diameters, and G, g their centres of gravity respectively. 


Then, if G, g do not divide AO, ao respectively in the same 
ratio, suppose H to be such a point on AO that 


AH : HO=ag: go; 
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and inscribe in the segment BAB’ ‘in the recognised manner’ 
a figure such that, if F be its centre of gravity, 


GF < GH. [Prop. 6] 


Inscribe in the segment bab’ ‘in the recognised manner’ a 
similar figure; then, if f be the centre of gravity of this figure, 


ag <af. [Prop. 5] 
And, by Prop. 3, af: fo=AF: FO. 
But AF: FO<AH: HO 
< ag: go, by hypothesis. 
Therefore af : fo<ag : go; which is impossible. 


It follows that G, g cannot but divide AO, ao in the same 
ratio. 


Proposition 8. 


If AO be the diameter of a parabolic segment, and G its 

centre of gravity, then 
AG=3 GO. 

Let the segment be BAB’. Inscribe the triangle ABB’ ‘in 
the recognised manner,’ and let F’ be its centre of gravity. 

Bisect AB, AB’ in D, D’, and draw DQ, D’Q’ parallel to OA 
to meet the curve, so that QD, Q’D’ are the diameters of the 
segments AQB, AQ’B’ respectively. 

Let H, H’ be the centres of gravity of the segments AQB, 
AQ’B' respectively. Join QQ’, HH’ meeting AO in V, K 


respectively. 


ON THE EQUILIBRIUM OF PLANES II. 25 


K is then the centre of gravity of the two segments AQB, 
AQ’B’ taken together. 


Now AG: GO=QH: HD, 
[Prop. 7] 
whence AO: 0G=QD : AD. 
But AO=4QD [as is easily proved 
' by means of Lemma (3), p. 206]. 
Therefore OG=4HD; 
and, by subtraction, AG=4Q4H. 
Also, by Lemma (2), QQ’ is paral- 


lel to BB’ and therefore to DD’. It 
follows from Prop. 7 that HH" is also parallel to QQ’ or DD’, 


and hence QH=VK. 
Therefore AG=4VK, 
and AV+KG@G=38VK. 
Measuring VZ along VK so that VE=14AV, we have 
RG Lie, ae Cea et, (1) 
Again ¢ AO0=4AV [Lemma (3)] 
=3AlL, since AV=3V 20, 
whence Alia PA OS OFC. sche sticorsise (2). 
Now, by I. 6, 7, 


A ABB’ : (sum of segmts. AQB, AQ’B’)= KG : GF, 
and A ABB’ =3 (sum of segments AQB, AQ’B’) 


[since the segment ABB’ is equal to $A ABB’ (Quadrature of 
the Parabola, Props. 17, 24)]. 


Hence KG=3GF. 
But KG=8LK, from (1) above. 
Therefore LF=LK+KG+GF 


= 5GF. 
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And, from (2), 
LF=(AO-AL— OF)=}4A0= OF. 


Therefore OF =5GF, 
and OG =6GF. 
But A0=80F=15GF. 

Therefore, by subtraction, 

AG=9GF 
=e G(), 


Proposition 9 (Lemma). 


If a, b, c, d be four lines in continued proportion and in 
descending order of magnitude, and if 
d:(a—d)=x:3(a—-c), 
and (2a+4b+6c+4 3d) : (5a+10b+10c+ 5d)=y: (a—c), 
wt is required to prove that 


e+y=2a. 
[The following is the proof given by Archimedes, with 
the only difference that it is set out in A 


algebraical instead of geometrical notation. 
This is done in the particular ¢ase simply in 


order to make the proof easier to follow. Tr 
Archimedes exhibits his lines in the figure ° 

reproduced in the margin, but, now that it is A 
possible to use algebraical notation, there is H 9 


no advantage in using the figure and the more 


cumbrous notation which only obscures the course ‘ 
of the proof. The relation between Archimedes’ 
figure and the letters used below is as follows; B 
AB =a, [TB=6, AB=c, EB=d, ZH =x, HO=y, AO =z.) 
@ (bane 
We have Bs (1), 
poe t= 0 beac 0 
bie bi Cee a ae 
a-b b-c_ abe 
and therefore hase = eel —= a => i = a ove escveecvecs (2). 


ae 2(a+b)_a+b_a+b b a-c b-c_a-c 
2c c 86 dnsdBb es «b= ec’ c-d c-d 
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And, in like manner, 
DCm CNC wae 


d eid: tea 


It follows from the last two relations that 


a—c 2a+3b+¢ 
sad oe a (3). 


Suppose z to be so taken that 
2a+4b+4c+2d a—c 


aie, Pate igen (4), 
so that z<(c—d). 
Therstorae pe stad 
a—-c 2(a+d)+4(b+c)’ 
And, by hypothesis, 
a-c_ 5(a+d)+10(b+c) 
y 2a +4b4+6c+3d ’ 
a—c+2 5(a+d)+10(b+c) 5 < 
so that Tea EA@ Ee) ae (5). 
Again, dividing (3) by (4) crosswise, we obtain 

1 te 2a+3b+c 

o—d 2(at+d)+4b+e)’ 

h e-d—-z 6+8¢+2d (6) 
whence i BOVE VES (Cea ae : 
But, by (2), 

c—d_ a—b 3(b-c) 2(c—d) 

ee a Se ed ee 

e-—d_ (a—b)+3(b—c)+2(c—d) 
so that ap es pEae ee oe (i): 
Combining (6) and (7), we have 

c-d-z (a—b)+3(b—c)+2(c—d) 

Cae 2(a+d)+4(b+c) 

C—2_ 3a + 6b + 3c (8) 
whence aCe 
And, since [by (1)] 

C— b-c a-—b 


Ca bee. a+ 8° 
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h C= de. c+d 
RA anes a—c b+c+at+0’ 
a—d_ a+2b+2c+d_ 2(a+d)+4(b+c) 
Bee ee a ob eee occ) aha oo 
Thus a—-d  2(a+d)+4(b+c) 


§(a—0)  §{2(a+e)+ 40} 

and therefore, by hypothesis, 

d 2(a+d)+4(b+¢c) 

x  8{2(a+c)+ 4b} 

Ce seehOusr sc | 
d  2(at+d)+4(64+c)’ 

and it follows, ev aequalt, that 


But, by (8), 


Ge Gh O\ War) 00s tOene 0 
w@ 8{2(a+c)+4b} 3°2° 2 
= a@—-Cc+z 5 
And, by (5), Sars 
Therefore os. cae 
2 @+y 
or a+y=#a 


Proposition 10. 

If PP’B’B be the portion of a parabola intercepted between 
two parallel chords PP’, BB’ bisected respectively in N, O by 
the diameter ANO (N being nearer than O to A, the vertex 
of the segments), and if NO be divided into five equal parts of 
which LM 1s the middle one (L being nearer than M to NV), then, 
of G be a point on LM such that 

LG: GM=BO’.(2PN+BO0): PN’.(2B0+ PN), 
G will be the centre of gravity of the area PP’ B’ B. 
Take a line ao equal to AO, and an on it equal to AN. Let 
p, q be points on the line ao such that 
COL CY =O ies wc conse ns ae ss: CL 
DOS C= OG OD 5. buck cadens neue oe (2), 
[whence ao : aq =aq : an= an: ap, or ao, ag, an, ap are lines in 
continued proportion and in descending order of magnitude]. 
Measure along GA a length GF such that 
OD, 0p =O LY Gils or aercaiok eeacees (3). 
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Then, since PN, BO are ordinates to AN 0, 
BO* :<PN?=A0:AN 
= ao: an 
= ao’: ag’, by (1), 
so that g BNO et Ta) rs Me a ae (4), 
and BOP N = ao ag 
Pe (a0 : aq). (aq : an). (an : ap) 


B! 
Thus (segment BAB’: (segment PAP’) 
PNDA Det hb Ar, 


=iBOl PNS 
= ao: ap, 
whence 
(area PP’B’B) : (segment PAP’) =op : ap 
= O02 GEFs by (3), 
= SONG Gas f..s: (6). 


Now BO’ .(2PN + BO): BO’ =(2PN + BO): BO 
=(2aq+ ao): ao, by (4), 
BO*: PN*® =ao : ap, by (5), 
and PN*: PN’.(2B0+PN)=PN :(2B0+ PN) 
=aq: (2a0+aq), by (4), 
=ap: (2an+ap), by (2). 
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Hence, ex aequali, 
BO’.(2PN + BO): PN’.(2B0 + PN) =(2aq + a0) : (2an + ap), 
so that, by hypothesis, 
LG : GM =(2aq +4 ao) : (2an+ ap). 
Componendo, and multiplying the antecedents by 5, 
ON : GM={5(ao+ap)+10 (ag +an)} : (2an + ap). 
But ON: OM=5:2 
= {5 (ao + ap) + 10(aq+an)} : {2(ao+ap)+4 (aq +an)}. 

It follows that 
ON : OG = {5 (ao + ap)+10(aq+an)} : (Qa0 + 4aq + Gan + dap). 
Therefore 
(2a0 + 4aq + Gan + 8ap) : {5 (ao + ap) +10 (aq +an)} = OG : ON 


= OG : on. 
And ap : (a0 — ap) =ap : op 
= GF: OL, by hypothesis, 
= GF : 30n, 


while ao, ag, an, ap are in continued proportion. 
Therefore, by Prop. 9, 
GF + OG = OF =2a0 =20A. 
Thus F is the centre of gravity of the segment BAB’. [Prop. 8] 


Let H be the centre of gravity of the segment PAP’, so 
that AH =3 AN. 


And, since AF=8A0, 
we have, by subtraction, HF =20N. 
But, by (6) above, 
(area PP’B’B) : (segment PAP’) =30N : GF 
= Hl: FG, 
Thus, since F, H are the centres of gravity of the segments 


BAB’, PAP’ respectively, it follows [by I. 6, 7] that G@ is the 
centre of gravity of the area PP’B’B. 


THE SAND-RECKONER. 


“THERE are some, king Gelon, who think that the number 
of the sand is infinite in multitude; and I mean by the sand 
not only that which exists about Syracuse and the rest of Sicily 
but also that which is found in every region whether inhabited 
or uninhabited. Again there are some who, without regarding 
it as infinite, yet think that no number has been named which 
is great enough to exceed its multitude. And it is clear that 
they who hold this view, if they imagined a mass made up of 
sand in other respects as large as the mass of the earth, in- 
cluding in it all the seas and the hollows of the earth filled up 
to a height equal to that of the highest of the mountains, 
would be many times further still from recognising that any 
number could be expressed which exceeded the multitude of 
the sand so taken. But I will try to show you by means of 
geometrical proofs, which you will be able to follow, that, of the 
numbers named by me and given in the work which I sent to 
Zeuxippus, some exceed not only the number of the mass of 
sand equal in magnitude to the earth filled up in the way 
described, but also that of a mass equal in magnitude to the 
universe. Now you are aware that ‘universe’ is the name 
given by most astronomers to the sphere whose centre is the 
centre of the earth and whose radius is equal to the straight 
line between the centre of the sun and the centre of the earth. 
This is the common account (Ta ypadoweva), as you have heard 
from astronomers. But Aristarchus of Samos brought out a 


‘ 
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book consisting of some hypotheses, in which the premisses lead 
to the result that the universe is many times greater than that 
now so called. His hypotheses are that the fixed stars and the 
sun remain unmoved, that the earth revolves about the sun in 
the circumference of a circle, the sun lying in the middle of the 
orbit, and that the sphere of the fixed stars, situated about the 
same centre as the sun, is so great that the circle in which he 
supposes the earth to revolve bears such a proportion to the 
distance of the fixed stars as the centre of the sphere bears to 
its surface. Now it is easy to see that this is impossible; for, 
since the centre of the sphere has no magnitude, we cannot 
conceive it to bear any ratio whatever to the surface of the 
sphere. We must however take Aristarchus to mean this: 
since we conceive the earth to be, as it were, the centre of 
the universe, the ratio which the earth bears to what we 
describe as the “universe’ is the same as the ratio which the 
sphere containing the circle in which he supposes the earth to 
revolve bears to the sphere of the fixed stars. For he adapts 
the proofs of his results to a hypothesis of this kind, and in 
particular he appears to suppose the magnitude of the sphere 
in which he represents the earth as moving to be equal to what 
we call the ‘ universe.’ 

I say then that, even if a sphere were made up of the sand, 
as great as Aristarchus supposes the sphere of the fixed stars 
to be, I shall still prove that, of the numbers named in the 
Principles*, some exceed in multitude the number of the 
sand which is equal in magnitude to the sphere referred to, 
provided that the following assumptions be made. 

1. The perimeter of the earth ts about 3,000,000 stadia and 
not greater. 

It is true that some have tried, as you are of course aware, 
to prove that the said perimeter is about 300,000 stadia. But 
I go further and, putting the magnitude of the earth at ten 
times the size that my predecessors thought it, I suppose its 
perimeter to be about 3,000,000 stadia and not greater. 

*’Apxal was apparently the title of the work sent to Zeuxippus. Cf. the 


note attached to the enumeration of lost works of Archimedes in the Introduction, 
Chapter II., ad fin. 
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2. The diameter of the earth is greater than the diameter of 
the moon, and the diameter of the sun is greater than the diameter 
of the earth. 


In this assumption I follow most of the earlier astronomers. 


3. The diameter of the sun is about 30 times the diameter of 
the moon and not greater. 


It is true that, of the earlier astronomers, Eudoxus declared 
it to be about nine times as great, and Pheidias my father* 
twelve times, while Aristarchus tried to prove that the diameter 
of the sun is greater than 18 times but less than 20 times the 
diameter of the moon. But I go even further than Aristarchus, 
in order that the truth of my proposition may be established 
beyond dispute, and I suppose the diameter of the sun to be 
about 30 times that of the moon and not greater. 


4. The diameter of the sun is greater than the side of the 
chiliagon inscribed in the greatest circle in the (sphere of the) 
universe. 


I make this assumption+ because Aristarchus discovered 
that the sun appeared to be about 74,th part of the circle of 
the zodiac, and I myself tried, by a method which I will now 
describe, to find experimentally (dpyavixdés) the angle sub- 
tended by the sun and having its vertex at the eye (rav ywviar, 
eis av 0 Atos evappoler Tav Kopupay eyovoay TroTl Ta dyper).” 


[Up to this point the treatise has been literally translated 
because of the historical interest attaching to the ipsissuma 
verba of Archimedes on such a subject. The rest of the work 
can now be more freely reproduced, and, before proceeding to 
the mathematical contents of it, it is only necessary to remark 
that Archimedes next describes how he arrived at a higher and 
a lower limit for the angle subtended by the sun. This he did 


* ro) duod marpds is the correction of Blass for rod ’Axotmrarpos (Jahrb. f. 
Philol. cxxv11. 1883). 

+ This is not, strictly speaking, an assumption ; it is a proposition proved 
later (pp. 224—6) by means of the result of an experiment about to be 
described. 
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by taking a long rod or ruler (xavév), fastening on the end of it 
a small cylinder or disc, pointing the rod in the direction of the 
sun just after its rising (so that it was possible to look directly 
at it), then putting the cylinder at such a distance that it just 
concealed, and just failed to conceal, the sun, and lastly measur- 
ing the angles subtended by the cylinder. He explains also the 
correction which he thought it necessary to make because “the 
eye does not see from one point but from a certain area” (é7ret 
ai dyues ove ad’ évds capelov BréEtovTt, GANA amd TwVOS 
peeyé0eos). | 

The result of the experiment was to show that the angle 
subtended by the diameter of the sun was less than ;4,th part, 
and greater than z4,th part, of a right angle. 


To prove that (on this assumption) the diameter of the sun 
is greater than the side of a chiliagon, or figure with 1000 equal 
sides, inscribed in a great circle of the ‘ universe. 


Suppose the plane of the paper to be the plane passing 
through the centre of the sun, the centre of the earth and the 
eye, at the time when the sun has just risen above the horizon. 
Let the plane cut the earth in the circle HHL and the sun 
in the circle FAG, the centres of the earth and sun being C, O 
respectively, and # being the position of the eye. 


Further, let the plane cut the sphere of the ‘ universe’ (i.e. 
the sphere whose centre is C and radius CQ) in the great 
circle AOB. 


Draw from # two tangents to the circle #KG touching it 
at P, Q, and from C draw two other tangents to the same circle 
touching it in F, G respectively. 


Let CO meet the sections of the earth and sun in H, K 
respectively; and let CF’, CG produced meet the great circle 
AOB in A, B. 

Join HO, OF, OG, OP, OQ, AB, and let AB meet CO in M. 

Now CO > £0, since the sun is just above the horizon. 
Therefore LPEQS ZrO 
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And 2PEQ> i,k 
but <iiih 


} where & represents a right angle. 


Thus ZLECG < 7h, a fortior, 


and the chord AB subtends an arc of the great circle which is 
less than z3,th of the circumference of that circle, ie. 


AB <(side of 656-sided polygon inscribed in the circle). 


Now the perimeter of any polygon inscribed in the great 
circle is less than 4400. [Cf Measurement of a circle, Prop. 3.] 


Therefore AB: C0 < 11: 1148, 
and, a fortiorz, ABS rhg CO vars arten ae st sneduaetss (a). 


Again, since CA =CO, and AWM is perpendicular to CO, 
while OF is perpendicular to CA, 


AM = OF. 
Therefore AB=2AWM =(diameter of sun). 
Thus (diameter of sun) < 73500, by (a), 


and, a fortiori, 
(diameter of earth) < 73,00. [Assumption 2] 
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Hence CH + OK < 74,00, 
so that HK > 23,00, 
or CO: HK < 100: 99. 
And CO > CF, 
while HK < EQ. 
Therefore OF VEO < S000 OO. eres (8). 


Now in the right-angled triangles CFO, EQO, of the sides 
about the right angles, 


OF = OQ, but EQ < CF (since EO < CO). 


Therefore ZOEQ: ZOCF>CO: EO, 
but < CF: EQ*. 
Doubling the angles, 


ZPEQ:ZACB<CF: EQ 
< 100 : 99, by (8) above. 


But ZPEQ > zyR, by hypothesis. 
Therefore ZACB> 3235R 
> ata fh. 


It follows that the arc AB is greater than g1,th of the circum- 
ference of the great circle AOB. 


Hence, a fortior, 
AB > (side of chiliagon inscribed in great circle), 


and AB is equal to the diameter of the sun, as proved above. 


The following results can now be proved : 
(diameter of ‘universe’) < 10,000 (diameter of earth), 
and (diameter of ‘ universe’) < 10,000,000,000 stadia. 


* The proposition here assumed is of course equivalent to the trigonometrical 
formula which states that, if a, 8 are the circular measures of two angles, each 
less than a right angle, of which a is the greater, then 


tana ai sina 


tang p sing’ 
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(1) Suppose, for brevity, that d, represents the diameter 
of the ‘universe,’ d, that of the sun, d, that of the earth, and din 
that of the moon. 


By hypothesis, ds > 30dm, [Assumption 3] 
and Ged, [Assumption 2] 
therefore d, < 30d,. 


Now, by the last proposition, 
ds > (side of chiliagon inscribed in great circle), 
so that (perimeter of chiliagon) < 1000d; 
< 30,000d,. 

But the perimeter of any regular polygon with more sides 
than 6 inscribed in a circle is greater than that of the inscribed 
regular hexagon, and therefore greater than three times the 
diameter. Hence 

(perimeter of chiliagon) > 3d,. 

It follows that d, < 10,000d,. 

(2) (Perimeter of earth) + 3,000,000 stadia. 


[Assumption 1] 
and (perimeter of earth) > 3d,. 


Therefore d. < 1,000,000 stadia, 
whence “ dy, < 10,000,000,000 stadia. 


Assumption 5. 

Suppose a quantity of sand taken not greater than a poppy- 
seed, and suppose that it contains not more than 10,000 grains. 

Next suppose the diameter of the poppy-seed to be not less 
than j,th of a finger-breadth. 


Orders and periods of numbers. 

I. We have traditional names for numbers up to a 
myriad (10,000); we can therefore express numbers up to a 
myriad myriads (100,000,000). Let these numbers be called 
numbers of the first order. 

Suppose the 100,000,000 to be the unit of the second order, 
and let the second order consist of the numbers from that unit 
up to (100,000,000)”. 
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Let this again be the unit of the third order of numbers 
ending with (100,000,000); and so on, until we reach the 
100,000,000th order of numbers ending with (100,000,000):%™™, 
which we will call P. 


II. Suppose the numbers from 1 to P just described to 
form the first period. 


Let P be the unit of the first order of the second period, and 
let this consist of the numbers from P up to 100,000,000 P. 


Let the last number be the unit of the second order of the 
second period, and let this end with (100,000,000)? P. 


We can go on in this way till we reach the 100,000,000th order 
of the second period ending with (100,000,000). P, or P?. 


III. Taking P’ as the unit of the first order of the third 
period, we proceed in the same way till we reach the 
100,000,000¢h order of the third period ending with P*. 


IV. Taking P* as the unit of the first order of the fourth 
period, we continue the same process until we arrive at the 
100,000,000th order of the 100,000,000th period ending with 
P1,00,000 This last number is expressed by Archimedes as “a 
myriad-myriad units of the myriad-myriad-th order of the 
myriad-myriad-th period (ai pupiaxicpuptoar ds trep.odov mupia- 
KigpuplocT@YV aplOuav pupiar pupiddes),” which is easily seen 
to be 100,000,000 times the product of (100,000,000)%.9 and 


P9,999,998 1.e. P200,000,000 


[The scheme of numbers thus described can be exhibited 
more clearly by means of indices as follows. 


FIRST PERIOD. 
First order. Numbers from 1 to 10% 
Second order. 5 » 108 to 10%, 


Third order. xs » 10% to 10% 


(108)th order. ; pe LOSES Yo LO" CP aay) 
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SECOND PERIOD. 
First order. Numbers from P.1 to P.108. 
Second order. x eee SLE toc a0". 


(10°)th order. = » L108 8°) to 
BAO (Ore 2). 


(10*)rH PERIOD. 


First order. Fs pre PES tes P08 
Second order. + » LP *1,108 to Pi, 106 
(10°)th order. :; » P81, 108-4) to 


tee A ea” ), 

The prodigious extent of this scheme will be appreciated 
when it is considered that the last number in the first period 
would be represented now by 1 followed by 800,000,000 ciphers, 
while the last number of the (10*)th period would require 
100,000,000 times as many ciphers, i.e. 80,000 million millions 
of ciphers. ] 

Octads. é 

Consider the series of terms in continued proportion of 
which the first is 1 and the second 10 [ie. the geometrical 
progression 1, 101, 107, 10°, ...]. The first octad of these terms 
[z.e. 1, 10%, 102,... 107] fall accordingly under the first order 
of the first period above described, the second octad [Le. 
108, 10°,... 10] under the second order of the first period, the 
first term of the octad being the unit of the corresponding 
order in each case. Similarly for the third octad, and so on. 
We can, in the same way, place any number of octads. 

Theorem. 

If there be any number of terms of a series im continued 
proportion, say A,, Az, A,... Am)... An,--» Amtn—1s++» of which 
A,=1, A,=10 [so that the series forms the geometrical pro- 
gression 1, 10?, 107,...10"—,,,..107-1)...107+°,...], and of any 
two terms as Am, An be taken and multiplied, the product 
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Am.An will be a term in the same series and will be as many 
terms distant from A, as Am is distant from A,; also it will be 
distant from A, by a number of terms less by one than the sum 
of the numbers of terms by which Am and An respectively are 
distant from A,. 

Take the term which is distant from A, by the same 
number of terms as A, is distant from A,. This number of 
terms is m (the first and last being both counted). Thus the 
term to be taken is m terms distant from A,, and is therefore 
the term Amn. 


We have therefore to prove that 
Ann : A, = Aimtn—: 
Now terms equally distant from other terms in the con- 
tinued proportion are proportional. 


Am Amin 
Thus ae oa Avie . 
But Ainm=A,y. A; since A, =1. 
Therefore Bg ges Ann Oo eee ne Tet ER See (1). 


The second result is now obvious, since A, is m terms 
distant from A,, A, is m terms distant from A,, and A,»4n-; 1s 
(m+n-—1) terms distant from A). 


Application to the number of the sand. 
By Assumption 5 [p. 227], 
(diam. of poppy-seed) + #5 (finger-breadth) ; 


and, since spheres are to one another in the triplicate ratio 
of their diameters, it follows that 


(sphere of diam. 1 finger-breadth) + 64,000 poppy-seeds 

+ 64,000 x 10,000 

> 640,000,000 

+6 units of second | grains 
order + 40,000,000 } of 
units of first order | sand. 

(a fortiori) < 10 units of second 

order of numbers. 
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We now gradually increase the diameter of the supposed 
sphere, multiplying it by 100 each time. Thus, remembering 
that the sphere is thereby multiplied by 100? or 1,000,000, the 
number of grains of sand which would be contained in a sphere 
with each successive diameter may be arrived at as follows. 


Diameter of sphere. 


(1) 100 finger-breadths 


(2) 10,000 finger-breadths 


(3) 1 stadium 
(< 10,000 finger-breadths) 
(4) 100 stadia 


(5) 10,000 stadia 


(6) 1,000,000 stadia 


(7) 100,000,000 stadia 


(8) 10,000,000,000 stadia 


Corresponding number of grains of sand. 


< 1,000,000 x 10 units of second order 
<(7th term of series)x(10th term of 


series) 
< 16th term of series [i-e. 1015] 
<[10" or] 10,000,000 units of the second 
order. 


< 1,000,000 x (last number) 

< (7th term of series) x (16th term) 

< 22nd term of series [i-e. 1024] 
< [10° or] 100,000 units of third order. 

< 100,000 units of therd order. 


< 1,000,000 x (last number) 

< (‘th term of series) x (22nd term) 

< 28th term of series [10?7] 
<[10? or] 1,000 units of fowrth order. 

< 1,000,000 x (last number) 

< (7th term of series) x (28th term) 

< 34th term of series [10*3] 
<10 units of fifth order. 

< (7th term of series) x (34th term) 

< 40th term [10°9] 
<([107 or] 10,000,000 units of fifth order. 
< (7th term of series) x (40th term) 

< 46th term [10*°] 
<[10° or] 100,000 units of stzth order. 

< (7th term of series) x (46th term) 

< 52nd term of series [1052] 
<[103 or] 1,000 units of seventh order. 


But, by the proposition above [p. 227], 
(diameter of ‘ universe’) < 10,000,000,000 stadia. 
Hence the number of grains of sand which could be contained 
in a sphere of the size of our ‘universe’ is less than 1,000 units 
of the seventh order of numbers [or 10*]. 
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From this we can prove further that a sphere of the size 
attributed by Aristarchus to the sphere of the fixed stars would 
contain a number of grains of sand less than 10,000,000 units 
of the eighth order of numbers [or 10**7 = 10%]. . 

For, by hypothesis, 

(earth) : (‘ universe ’) = (‘ universe’) : (sphere of fixed stars). 
And [p. 227] 
(diameter of ‘ universe’) < 10,000 (diam. of earth) ; 
whence 
(diam. of sphere of fixed stars) < 10,000 (diam. of ‘ universe’). 
Therefore 
(sphere of fixed stars) < (10,000)*. (‘ universe’). 
It follows that the number of grains of sand which would be 
contained in a sphere equal to the sphere of the fixed stars 
< (10,000)° x 1,000 units of seventh order 
< (13th term of series) x (52nd term of series) 
< 64th term of series [ie. 10%] 
< [10’ or] 10,000,000 units of ecghth order of numbers. 


Conclusion. 


“T conceive that these things, king Gelon, will appear 
incredible to the great majority of people who have not studied 
mathematics, but that to those who are conversant therewith 
and have given thought to the question of the distances and 
sizes of the earth the sun and moon and the whole universe the 
proof will carry conviction. And it was for this reason that 
I thought the subject would be not inappropriate for your 
consideration.” 
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“ ARCHIMEDES to Dositheus greeting. 


“When I heard that Conon, who was my friend in his life- 
time, was dead, but that you were acquainted with Conon and 
withal versed in geometry, while I grieved for the loss not only 
of a friend but of an admirable mathematician, I set myself the 
task of communicating to you, as I had intended to send to 
Conon, a certain geometrical theorem which had not been 
investigated before but has now been investigated by me, and 
which I first discovered by means of mechanics and then 
exhibited by means of geometry. Now some of the earlier 
geometers tried to prove it possible to find a rectilineal area 
equal to a given circle and a given segment of a circle; and 
after that they endeavoured to square the area bounded by the 
section of the whole cone* and a straight line, assuming lemmas 
not easily conceded, se that it was recognised by most people 
that the problem was not solved. But I am not aware that 
any one of my predecessors has attempted to square the 
segment bounded by a straight line and a section of a right- 
angled cone [a parabola], of which problem I have now dis- 
covered the solution. For it is here shown that every segment 
bounded by a straight line and a section of a right-angled cone 
[a parabola] is four-thirds of the triangle which has the same base 
and equal height with the segment, and for the demonstration 

* There appears to be some corruption here: the expression in the text is 
Tas Odov Tod Kévov Toads, and it is not easy to give a natural and intelligible 
meaning to it. The section of ‘the whole cone’ might perhaps mean a section 
cutting right through it, i.e. an ellipse, and the ‘straight line’ might be an axis 
or a diameter. But Heiberg objects to the suggestion to read ras dévywvlou 
xdévov Touas, in view of the addition of cal e¥@elas, on the ground that the former 
expression always signifies the whole of an ellipse, never a segment of it 
(Quaestiones Archimedeae, p. 149). 
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of this property the following lemma is assumed: that the 
excess by which the greater of (two) unequal areas exceeds 
the less can, by being added to itself, be made to exceed any 
given finite area. The earlier geometers have also used this 
lemma; for it is by the use of this same lemma that they have 
shown that circles are to one another in the duplicate ratio of 
their diameters, and that spheres are to one another in the 
triplicate ratio of their diameters, and further that every 
pyramid is one third part of the prism which has the same base 
with the pyramid and equal height; also, that every cone is 
one third part of the cylinder having the same base as the cone 
and equal height they proved by assuming a certain lemma 
similar to that aforesaid. And, in the result, each of the afore- 
said theorems has been accepted* no less than those proved 
without the lemma. As therefore my work now published has 
satisfied the same test as the propositions referred to, I have 
written out the proof and send it to you, first as investigated 
by means of mechanics, and afterwards too as demonstrated by 
geometry. Prefixed are, also, the elementary propositions in 
conics which are of service in the proof (orovyela kwvikd ypetav 
éyovta és tay amddevEv). Farewell.” 


Proposition 1. 


If from a point on a para- 
bola a straight line be drawn 
which is either itself the axis or 
parallel to the axis, as PV, and 
uf QQ’ be a chord parallel to 
the tangent to the parabola at P P V 
and meeting PV in V, then 
OV =VQ% 
Conversely, of QV = VQ’, the 
chord QQ’ will be parallel to the 
tangent at P. 
* The Greek of this passage is: cupBalve. 5¢ trav mpoeipnudvwv Oewpnudrwv 
ékaorov pndev jocov Tov dvev TovToV TOU AjumaTos amodederyuevew temirrevkévat. 


Here it would seem that mwemiorevxévac must be wrong and that the passive 
should have been used. 
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Proposition 2. 


If in a parabola QQ’ be « chord parallel to the tangent at P, 
and uf a straight line be drawn through P which is either atself 
the axis or parallel to the axis, and which meets QQ’ in V and 
the tangent at Q to the parabola in T, then 


PV ie ET. 


Proposition 8. 


If from a point on a parabola a straight line be drawn 
which 1s erther itself the axis or parallel to the axis, as PV, 
and if from two othér points Q, Q’ on the parabola straight 
lines be drawn parallel to the tangent at P and meeting PV in 
V, V’ respectively, then 

Vande = Va Oe. 


“ And these propositions are proved in the elements of conies.*” 


Proposition 4. 


If Qq be the base of any segment of a parabola, and P the 
vertex of the segment, and if the diameter through any other point 
R meet Qq in O and QP (produced if necessary) in F, then 


QV: VO=O0F : FR. 
Draw the ordinate RW to PV, meeting QP in K. 


* i.e. in the treatises on conics by Euclid and Aristaeus. 
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Then PV: PW QV2 RW; 
whence, by parallels, 
LOS PK PO eh, 


In other words, PQ, PF, PK are in continued proportion ; 


therefore 
POMPE ah ORK 


=PQ+PF:PF+PK 


= QF KE. 
Hence, by parallels, 


QV: VO=OF : FR. 
[It is easily seen that this equation is equivalent to a change of 
axes of coordinates from the tangent and diameter to new axes 
consisting of the chord Qg (as axis of x, say) and the diameter 


through Q (as axis of y). 
2 
For, if QV =a, PV= © , where p is the parameter of the 
ordinates to PV. 
Thus, if QO = a, and RO=y, the above result gives 


Cece Ot 
z—-a OF—y’ 
a 
“.— 
whence ae SU we Rp 


> 


2a—-“% y y 
or py = x (2a —2x).] 
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Proposition 5. 


Tf Qq be the base of any segment of a parabola, P the vertex 
of the segment, and PV its diameter, and if the diameter of the 
parabola through any other point R meet Qg in O and the 

tangent at Q in EL, then 
QO: Ogq=L£R: RO. 


Let the diameter through R meet QP in F. 


Then, by Prop. 4,” 
QV : VO=O0F : FR. 


Since QV = Vq, it follows that 
OVE0 = OE 2 Ot ee teveg siscnet teres (1). 
Also, if VP meet the tangent in 7, 
PT =PYV, and therefore HF = OF. 
Accordingly, doubling the antecedents in (1), we have 
Qq:q0= OE: OR, 
whence QO: 0g=ER: RO. 
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Propositions 6, 7*. 


Suppose a lever AOB placed horizontally and supported at 
its middle point O. Let a triangle BCD in which the angle C 1s 
right or obtuse be suspended from B and 0, so that C is attached 
to O and CD is in the same vertical line with O. Then, if P be 
such an area as, when suspended from A, will keep the system in 
equilibrium, 

P=1ABCD. 

Take a point Z on OB such that BE = 20E, and draw EFH 
parallel to OCD meeting BC, BD in F, H respectively. Let G 
be the middle point of FH. 


A ie) E 


Then G is the centre of gravity of the triangle BCD. 


Hence, if the angular points B, C be set free and the 
triangle be suspended by attaching F to Z, the triangle will 
hang in the same position as before, because EFG@ is a vertical 
straight line. “For this is proved +.” 


Therefore, as before, there will be equilibrium. 


Thus P= ABCD=O0E FAO 
= Ilo 8h 
or P=tABCD, 


* In Prop. 6 Archimedes takes the separate case in which the angle BCD of 
the triangle is a right angle so that C coincides with O in the figure and F with 
E, He then proves, in Prop. 7, the same property for the triangle in which 
BCD is an obtuse angle, by treating the triangle as the difference between two 
right-angled triangles BOD, BOC and using the result of Prop. 6. I have com- 
bined the two propositions in one proof, for the sake of brevity. The same 
remark applies to the propositions following Props. 6, 7. 

+ Doubtless in the lost book wept fvyav. Cf. the Introduction, Chapter II., 
ad fin. 
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Propositions 8, 9. 


Suppose a lever AOB placed horizontally and supported at 
ats middle point O. Let a triangle BCD, right-angled or obtuse- 
angled at C, be suspended from the points B, E on OB, the 
angular point C being so attached to E that the side CD is in the 
same vertical line with E. Let Q be an area such that 

AO: 0F=ABCD: Q. 
Then, of an area P suspended from A keep the system in 
equilabrium, 
P< ABCD but > Q. 

Take G the centre of gravity of the triangle BCD, and draw 

GH parallel to DC, ie. vertically, meeting BO in H. 


A Ome H B 


We may now suppese the triangle BCD suspended from H, 
and, since there is equilibrium, 


LEB DiS Piss (A O'S O16 er Fecsines lecas (1), 
whence P<ABCD. 
Also ABCD: Q =A0: OE: 
Therefore, by (1), ABCD: Q>ABCD: P, 
and >"). 


Propositions 10, ll. 


Suppose a lever AOB placed horizontally and supported at O, 
its middle pont. Let CDEF be a trapezium which can be so 
placed that its parallel sides CD, FE are vertical, while CO ts 
vertically below O, and the other sides CF, DE meet in B. Let 
EF meet BO in H, and let the trapezium be suspended by attaching 
F to Hand C to O. Further, suppose Q to be an area such that 


AO : OH = (trapezium CDEF): Q. 
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Then, if P be the area which, when suspended from A, keeps the 
system in equilibrium, 
Pad: 

The same is true in the particular case where the angles at 
C, F are right, and consequently C, F coincide with O, H 
respectively. 

Divide OH in K so that 

(20D + FE) :(2FE+CD)=HK : KO. 


A fe) K H B 


a 
V 


Draw KG parallel to OD, and let G be the middle point of 
the portion of KG intercepted within the trapezium. Then G 
is the centre of gravity of the trapezium [On the equilibrium of 
planes, I. 15}. 


D 


Thus we may suppose the trapezium suspended from K, and 
the equilibrium will remain undisturbed. 


Therefore 
AO: OK =(trapezium CDEF) : P, 
and, by hypothesis, 
AO: OH =(trapezium CDEF) : Q. 
Since OK < OH, it follows that 
P <Q. 


Propositions 12, 13. 

If the trapezium CDEF be placed as in the last propositions, 
except that CD rs vertically below a point L on OB instead of 
being below O, and the trapezium is suspended from L, H, 
suppose that Q, R are areas such that 

AO: OH = (trapezium CDEF) : Q, 
and AO: OL = (trapezium CDEF) : R. 
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If then an area P suspended from A keep the system in 
equilibrium, 


PSR ibut-< Q: 


Take the centre of gravity @ of the trapezium, as in the 
last propositions, and let the line through G@ parallel to DC 
meet OB in K. 


Res. ON DT LAKS She ee 


Soros. 


Then we may suppose the trapezium suspended from K, 
and there will still be equilibrium. 


Therefore (trapezium CDEF): P=A0: OK. 


Hence 
(trapezium CDEF) : P > (trapezium CDEF) : Q, 


but < (trapezium CDEP) : R. 
It follows that ¢P<Q but >2Z. 


Propositions 14, 15. 


Let Qq be the base of any segment of a parabola. Then, it 
two lines be drawn from Q, q, each parallel to the axis of the 
parabola and on the same side of Qq as the segment is, either 
(1) the angles so formed at Q, g are both right angles, or 
(2) one is acute and the other obtuse. In the latter case let 
the angle at q¢ be the obtuse angle. 


Divide Qq into any number of equal parts at the points 
O,, O,,... On. Draw through q, 0,, O,,... On diameters of the 
parabola meeting the tangent at Qin #, #,, E,,... H, and the 
parabola itself in g, Ry, Ry, ... Rn. Omi hs i Qhs, «Glen 
meeting gH, O,H,, OK, ... OR Saleh ge owciecs ol 945 
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Let the diameters Hg, #,0,,... H,On meet a straight line 
QOA drawn through @ perpendicular to the diameters in the 
points O, H,, H,,... H, respectively. (In the particular case 
where Qq is itself perpendicular to the diameters q will coincide 
with O, O, with H,, and so on.) 


It 1s required to prove that 
(1) A£qQ<3(sum of trapezia FO,, F,02,...Fn+~On and A E,OnQ), 
(2) ALqQ>3(sumoftrapezia R,0,, R,Os,...Rn+~O,and A Rnr0nQ). 


Suppose AO made equal to OQ, and conceive QOA as a 
lever placed horizontally and supported at 0. Suppose the 
triangle HqQ suspended from OQ in the position drawn, and 
suppose that the trapezium £O, in the position drawn is 
balanced by an area P, suspended from A, the trapezium £,0, 
in the position drawn is balanced by the area P, suspended 


QUADRATURE OF THE PARABOLA. 243 
from A, and so on, the triangle £,0,Q being in like manner 
balanced by Pai. 


Then P,+P,+...+Pn, vill balance the whole triangle 
EqQ as drawn, and therefore 


Pi + Pot... + Pan =4{A LQ. [Props. 6, 7] 
Again AO: 0H,=Q0: OH, 
= Qq:q0, 
= E,0, : O,R, [by means of Prop. 5] 


= (trapezium H0,) : (trapezium FO,); 
whence [Props. 10, 11] 


(F0;):> Ps 
Next AO: OH,=£,0,: OR, 
ze (HO, ie( de a\rasrateseayrees( A), 
while AO : OH, = £,0, : O.R, 
= (230 iO) ees aos, (8); 


and, since (a) and (8) are simultaneously true, we have, by 
Props. 12, 18, 
(F,0,) > P, > (R,0,). 


Similarly it may be proved that 
(F,0;) > P, > (R.03), 
and so on. 

Lastly [Props. 8, 9] 

KE,O > Poa >L 80,0: 

By addition, we obtain 

(1) (FO,)+(F,02)+..-+(FnaOn)+ A EnOn> Pit+P.+...+ Pass 

>sA LQ, 

or A EqQ <3 (FO, + F,0.+ ... + PnaOn + AE,OnQ). 

(2) (R,O.)+(R.05) +... +(Bn+1On) +A BnOnQ <Prt Pst... + Pris 
<Pi+P.+...4+ Pas, a fortiori, 
< ALG, 

or A EqQ >8(R,0,+R.0; +... + Rn+On+ A RnOnQ). 
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Proposition 16. 


Suppose Qq to be the base of a parabolic segment, q being 
not more distant than Q from the vertex of the parabola. Draw 
through q the straight line qE parallel to the amis of the parabola 
to meet the tangent at Qin E. It is required to prove that 


(area of segment)=4 AEqQ. 


For, if not, the area of the segment must be either greater 
or less than 4 AE qQ. 


I. Suppose the area of the 
segment greater than $ AXqQ. 
Then the excess can, if con- 
tinually added to itself, be 
made to exceed A#gQ. And fF 
it is possible to find a submul- 
tiple of the triangle HqQ less 
than the said excess of the 
segment over + AXgQ. 


Let the triangle Fq¢Q be such 
a submultiple of the triangle 
EqQ. Divide Eq into equal 
parts each equal to qf’, and let 
all the points of division in- 
cluding F be joined to Q meet- . 
ing the parabola in R,, Rg, ... 
R, respectively. Through R,, R,,... R, draw diameters of the 
parabola meeting qQ in O,, O,, ... On respectively. 


Let O,R, meet QR, in F,. 
Let O,R, meet QR, in D, and QR, in F,,. 
Let O,R; meet YR, in D, and QR, in Fy, and so on. 


On 


7 


We have, by hypothesis, 
A FqQ < (area of segment) — 4A £qQ, 
or (area of segment) — AFqQ >4 AE@QQ ......... (a). 
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Now, since all the parts of gH, as gF and the rest, are equal, 
O,R, = RF, 0,.D, = D,R, = R,F,, and so on; therefore 
A FqQ=(FO, + R,0, + D,O; +...) 


7 =(FO,+ FD, + FLD, +... +Fn—1Dn+~+taA En,R,Q)...(8). 
ut 


(area of segment) < (FO, + F,0, +... +Fn+On +A En0nQ). 
Subtracting, we have 
(area of segment) —A FgQ < (R,0, + R,0O;+... 


te TiO, +A TinJ,@), 
whence, a fortiori, by (a), 


4A FQ < (20,4 BO; +... + Rns~On + A RnOnQ). 
But this is impossible, since [Props. 14, 15] 
tA HqQ > (RO, + B03 +... + Rn~On+ ABRnOnQ). 
Therefore 
(area of segment) +i A HqQ. 


II. If possible, suppose the area of the segment less than 
$A LqQ. 

Take a submultiple of the triangle HqQ, as the triangle 
FqQ, less than the excess of 4A H#qQ over the area of the 
segment, and make the same construction as before. 

Since AFQQ<iALqQ — (area of segment), 
it follows that 
A FqQ + (area of segment) < tA HQ 

< (FO, + FiO, +... + PraOn + AEnOnQ). 
[Props. 14, 15] 
Subtracting from each side the area of the segment, we have 
A FqQ < (sum of spaces gFR,, RFR, ... EnRnQ) 
< (FO, + FD, +...+FraDrit AEnR»Q), « fortior; 
which is impossible, because, by (8) above, 
AFqQ = FO, + FD, +... + FraDrnit+ AEnRnQ. 
Hence (area of segment) ¢ A HqQ. 

Since then the area of the segment is neither less nor 

greater than $A HqQ, it is equal to it. 
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Proposition 17. 


It is now manifest that the area of any segment of a 
parabola is four-thirds of the triangle which has the same base 
as the segment and equal height. 


Let Qq be the base of the segment, P its vertex. Then 
PQg is the inscribed triangle with the 
same base as the segment and equal Ny 
height. 


Since P is the vertex* of the seg- 
ment, the diameter through P bisects 


P 
Qq. Let V be the point of bisection. 

Let VP, and gH drawn parallel to 
it, meet the tangent at Qin 7; £# re- Ls 
spectively. 

Then, by parallels, 

gh =2VI,, 

and Vere rs [Prop. 2] 
so that Vi 2PV2 E 


Hence ALgQ = 4APQz¢. 
But, by Prop. 16, the area of the segment is equal to {A £qQ. 
1. 
Therefore (area of segment) = 4A PQg. 


Der. “In segments bounded by a straight line and any 
curve I call the straight line the base, and the height the 
greatest perpendicular drawn from the curve to the base of the 
segment, and the vertex the point from which the greatest 
perpendicular is drawn.” 


* It is curious that Archimedes uses the terms base and vertex of a segment 
here, but gives the definition of them later (at the end of the proposition), 
Moreover he assumes the converse of the property proved in Prop. 18. 
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Proposition 18. 


Tf Qq be the base of a segment of a parabola, and V the 
middle point of Qg, and if the diameter through V meet the 
curve in P, then P is the vertex of the segment. 


Q 


0 
< 


7, 


For Qq is parallel to the tangent at P [Prop. 1]. Therefore, 
of all the perpendiculars which can be drawn from points on the 
segment to the base Qgq, that from P is the greatest. Hence, 
by the definition, P is the vertex of the segment, 


Proposition 19. 

If Qq be a chord of a parabola bisected in V by the diameter 
PV, and tf RM be a diameter bisecting QV in M, and RW 
be the ordinate from R to PV, then 

“ PV=4RM. 
Q 


q 
For, by the property of the parabola, 
PV» PW=QV> RW: 
=4RW*: RW’, 
so that PV=4PW, 
whence PV =4RM. 
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Proposition 20. 


Tf Qq be the base, and P the vertex, of a parabolic segment, 
then the triangle PQq is greater than half the segment PQq. 


For the chord Qgq is parallel to the tangent at P, and the 
triangle PQq is half the parallelogram Q 
formed by Qq, the tangent at P, and the 
diameters through Q, q. 


Therefore the triangle PQq is greater 
than half the segment. P v 


Cor. It follows that a 1s possible 
to inscribe in the segment a polygon such 
that the segments left over are together 
less than any assigned area. 


Proposition 21. 


If Qq be the base, and P the vertex, of any parabolic 
segment, and if R be the vertex of the segment cut off by PQ, 
then 

APQ¢=S8APRQ. 

The diameter through R will bisect the chord PQ, and 
therefore also QV, where PV is the 
diameter bisecting Qg. Let the dia- 
meter through # bisect PQ in Y and 
QVin M. Join PM. 


By Prop. 19, 
V=4RM. 
Also IME NGG 
Therefore Ve 2RY, 
and APQM =2A PRQ. 
Hence APOV =42:2R0; 


and APQ¢G=SAPRG. 
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Also, if RW, the ordinate from R to PV, be produced to 
meet the curve again in 7, 


RW=rW; 
and the same proof shows that 
APQ¢=8A Pro. 


Proposition 22. 


If there be a series of areas A, B, O, D, ... each of which ts 
Jour times the neat in order, and tf the largest, A, be equal to the 
triangle PQq inscribed in a parabolic segment PQq and having 
the same base with it and equal height, then 

(A+B+C+D+...)< (area of segment PQq). 


For, since A PQq = 8A PRQ =8AP9qr, where R, r are the 
vertices of the segments cut off by PQ, 
Pq, as in the last proposition, 
A PQq = 4(APQR + APgqr). - 
Therefore, since A PQq = A, 
APQR + APgqr = B. P v 


In like manner we prove that the 
triangles similarly inscribed in the re- 
maining segments are together equal to 
the area C, and so on. 


Qa 


q 


Therefore A4+B+C+D+... is equal to the area of a 
certain inscribed polygon, and is therefore less than the area of 


the segment. 


Proposition 23. 


Given a series of areas A, B, C, D, ... Z, of which A is the 
greatest, and each is equal to four times the neat in order, then 


A+B+C+...4+27+17=$A4. 
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Take areas b, c, d, ... such that 


im) 

i eel 
Cole Coe 
RQ & 


D, and so on. 


I 
Co) 


Then, since 


and 


& 

a Bw oe gy {0 
ll ll ll 

Colt BR 
Rob & 


Similarly C+ce=iB. 


Therefore 


B+O+D+...4¢Z+b+ce4+d+...4¢2=}(A+B+C+.. 


But b+e+d+...t+y=4(B+C+D+...+Y). 


- 


; ee 


Therefore, by subtraction, 


B+C0+D+...4Z4+2=}3A 
or A+B+C+...4Z+4Z=4A. 


ee YT). 
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| The algebraical equivalent of this result is of course 
1+2+() +... 4G) =$-JQ 


2 Tr 
eres 


Proposition 24. 


Every segment bounded by a parabola and a chord Qq is 
equal to four-thirds of the triangle which has the same base as 
the segment and equal height. 


Suppose K=4APQa, 


where P is the vertex of the segment; and we have then to 
prove that the area of the segment is 
equal to K. 

For, if the segment be not equal to 
K, it must either be greater or less. 


I. Suppose the area of the segment 
greater than K. 

If then we inscribe i in the segments 
cut off by PQ, Pq triangles which have 
the same base and equal height, ie. 
triangles with the same vertices Rf, 7 as 
those of the segments, and if in the 
remaining segments we inscribe triangles in the same manner, 
and so on, we shall finally have segments remaining whose sum 
is less than the area by which the segment PQgq exceeds K. 


Therefore the polygon so formed must be greater than the 
area K; which is impossible, since [Prop. 23] 
A+B+04+...47< 44, 
where Shwe Ai 
Thus the area of the segment cannot be greater than K. 


II. Suppose, if possible, that the area of the segment 1s 
less than K. 
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If then APQG=A, B=}A, C=}B, and so on, until we 
arrive at an area X such that X is less than the difference 
between K and the segment, we have 


A+B+C+...4-X+4X =44 [Prop. 23] 
aK, 


Now, since K exceeds A+ B+C+...+X by an area less 
than X, and the area of the segment by an area greater than X, 
it follows that 


A+B+C+...4+X > (the segment) ; 
which is impossible, by Prop. 22 above. 
Hence the segment is not less than K. 
Thus, since the segment is neither greater nor less than K, 


(area of segment PQq) = K =4APQq. 


ON FLOATING BODIES. 


BOOK I. 


Postulate 1. 


“Let it be supposed that a fluid is of such a character that, 
its parts lying evenly and being continuous, that part which is 
thrust the less is driven along by that which is thrust the 
more; and that each of its parts is thrust by the fluid which is 
above it in a perpendicular direction if the fluid be sunk in 
anything and compressed by anything else.” 


* 
Proposition 1. 


If a surface be cut by a plane always passing through a 
certain point, and tf the section be always a circumference [of a 
circle] whose centre is the aforesaid point, the surface is that of 
a sphere. 

For, if not, there will be some two lines drawn from the 
point to the surface which are not equal. 

Suppose O to be the fixed point, and A, B to be two points 
on the surface such that OA, OB are unequal. Let the surface 
be cut by a plane passing through OA, OB. Then the section 
is, by hypothesis, a circle whose centre is 0. 

Thus OA=OB; which is contrary to the assumption. 
Therefore the surface cannot but be a sphere. 
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Proposition 2. 


The surface of any fluid at rest is the surface of a sphere 
whose centre is the same as that of the earth. 

Suppose the surface of the fluid cut by a plane through 0, 
the centre of the earth, in the curve ABCD. 


ABCD shall be the circumference of a circle. 


For, if not, some of the lines drawn from O to the curve 
will be unequal. Take one of them, OB, such that OB is 
greater than some of the lines from O to the curve and less 
than others. Draw a circle with OB as radius. Let it be HBF, 
which will therefore fall partly within and partly without, the 
surface of the fluid. 


Draw OGH making with OB an angle equal to the angle 
EOB, and meeting the surface in H and the circle in G. Draw 
also in the plane an arc of a circle PQR with centre O and 
within the fluid. 


Then the parts of the fluid along PQR are uniform and 
continuous, and the part PQ is compressed by the part between 
it and AB, while the part QR is compressed by the part 
between QR and BH. Therefore the parts along PQ, QR will 
be unequally compressed, and the part which is compressed the 
less will be set in motion by that which is compressed the 
more. 


Therefore there will not be rest; which is contrary to the 
hypothesis. 


Hence the section of the surface will be the circumference 
of a circle whose centre is 0; and so will all other sections by 
planes through 0. 


Therefore the surface is that of a sphere with centre 0. 
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Proposition 3. 


Of solids those which, size for size, are of equal weight with 
a fluid will, if let down into the fluid, be immersed so that they 
do not project above the surface but do not sink lower. 


If possible, let a certain solid HFHG of equal weight, 
-volume for volume, with the fluid remain immersed in it so 
that part of it, HBCF, projects above the surface. 


Draw through 0, the centre of the earth, and through the 
solid a plane cutting the surface of the fluid in the circle 
ABCD. 


Conceive a pyramid with vertex O and base a parallelogram 
at the surface of the fluid, such that it includes the immersed 
portion of the solid. Let this pyramid be cut by the plane of 
ABCD in OL, OM. Also let a sphere within the fluid and 
below GH be described with centre O, and let the plane of 
ABCD cut this sphere in PQR. 


Conceive also another pyramid in the fluid with vertex 0, 
continuous with the former pyramid and equal and similar to 
it. Let the pyramid so described be cut in OM, ON by the 
plane of ABCD. 


Lastly, lei S7UV be a part of the fluid within the second 
pyramid equal and similar to the part BGHC of the solid, and 
let SV be at the surface of the fluid. 


Then the pressures on PQ, QR are unequal, that on PQ 
being the greater. Hence the part at QR will be set in motion 
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by that at PQ, and the fluid will not be at rest; which is 
contrary to the hypothesis. 


Therefore the solid will not stand out above the surface. 


Nor will it sink further, because all the parts of the fluid 
will be under the same pressure. 


Proposition 4. 


A solid lighter than a fluid will, if immersed in tt, not be 
completely submerged, but part of it will project above the 
surface. 


In this case, after the manner of the previous proposition, 
we assume the solid, if possible, to be completely submerged and 
the fluid to be at rest in that position, and we conceive (1) a 
pyramid with its vertex at O, the centre of the earth, including 
the solid, (2) another pyramid continuous with the former and 
equal and similar to it, with the same vertex O, (3) a portion of 
the fluid within this latter pyramid equal to the immersed solid 
in the other pyramid, (4) a sphere with centre O whose surface 
is below the immersed solid and the part of the fluid in the 
second pyramid corresponding thereto. We suppose a plane to 
be drawn through the centre O cutting the surface of the 
fluid in the circle ABC, the solid in S, the first pyramid in OA, 
OB, the second pyramid :n OB, OC; the portion of the fluid in 
the second pyramid in K, and the inner sphere in PQR. 

Then the pressures on the parts of the fluid at PQ, QR are 
unequal, since S is lighter than K. Hence there will not be 
rest ; which is contrary to the hypothesis. 


Therefore the solid S cannot, in a condition of rest, be 
completely submerged. 
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Proposition 5. 


Any solid lighter than a fluid will, of placed in the fluid, 
be so far immersed that the weight of the solid will be equal to 
the weight of the fluid displaced. 


For let the solid be EGHF, and let BGHC be the portion 
of it immersed when the fluid is at rest. As in Prop. 3, 
conceive a pyramid with vertex O including the solid, and 
another pyramid with the same vertex continuous with the 
former and equal and similar to it. Suppose a portion of the 
fluid STUV at the base of the second pyramid to be equal and 
similar to the immersed portion of the solid; and let the con- 
struction be the same as in Prop. 3. 


Then, since the pressure on the parts of the fluid at PQ, QR 
must be equal in order that the fluid may be at rest, it follows 
that the weight of the portion STUV of the fluid must be 
equal to the weight of the solid HGHF. And the former is 
equal to the weight of the fluid displaced by the immersed 
portion of the solid BGHC. 


Proposition 6. 


Tf a solid lighter than a fluid be forcibly immersed in tt, the 
solid will be driven upwards by a force equal to the difference 
between its weight and the weight of the fluid displaced. 


For let A be completely immersed in the fluid, and let G 
represent the weight of A, and (@ + H) the weight of an equal 
volume of the fluid. Take a solid D, whose weight is H 
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and add it to A. Then the weight of (A + JD) is less than 
that of an equal volume of the fluid; and, if (A+) is 
immersed in the fluid, it will project so that its weight will 
be equal to the weight of the fluid displaced. But its weight 


is (G+ H). 


B Cc H 


Therefore the weight of the fluid displaced is (G+ #), and 
hence the volume of the fluid displaced is the volume of the 
solid A. There will accordingly be rest with A immersed 
and D projecting. 


Thus the weight of D balances the upward force exerted by 
the fluid on A, and therefore the latter force is equal to H, 


which is the difference between the weight of A and the weight 
of the fluid which A displaces. 


Proposition 7. 


A solid heavier than a fluid will, of placed in it, descend 
to the bottom of the flud, and the solid will, when weighed 
in the fluid, be lighter than its true weight by the weight of the 
fluid displaced. 


(1) The first part of the proposition is obvious, since the 
part of the fluid under the solid will be under greater pressure, 
and therefore the other parts will give way until the solid 
reaches the bottom. 


(2) Let A be a solid heavier than the same volume of the 
fluid, and let (G+ H) represent its weight, while G represents 
the weight of the same volume of the fluid. 
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Take a solid B lighter than the same volume of the fluid, 
and such that the weight of B is G, while the weight of the 
same volume of the fluid is (4+ #), 


Let A and B be now combined into one solid and immersed. 
Then, since (A +B) will be of the same weight as the same 
volume of fluid, both weights being equal to (G+ H)+G, it 
follows that (A +.B) will remain stationary in the fluid. 

Therefore the force which causes A by itself to sink must 
be equal to the upward force exerted by the fluid on B by 
itself. This latter is equal to the difference between (G+ H) 
and G [Prop. 6]. Hence A is depressed by a force equal to 
H, i.e. its weight in the fluid is H, or the difference between 
(G+H) and G. 


[This proposition may, I think, safely be regarded as decisive 
of the question how Archimedes determined the proportions of 
gold and silver contained in the famous crown (cf. Introduction, 
Chapter I.). The proposition suggests in fact the following 
method. 

Let W represent the weight of the crown, w, and w, the 
weights of the gold and silver in it respectively, so that 
W=w,+ Ur 

(1) Take a weight W of pure gold and weigh it in a fluid. 
The apparent loss of weight is then equal to the weight of 
the fluid displaced. If F, denote this weight, F, is thus known 
as the result of the operation of weighing. 


It follows that the weight of fluid displaced by a weight w, 


of gold is iF nae 
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(2) Take a weight W of pure silver and perform the same 
operation. If F, be the loss of weight when the silver is 
weighed in the fluid, we find in like manner that the weight 
of fluid displaced by w, is 7 hie. 

(3) Lastly, weigh the crown itself in the fluid, and let F’ be 
the loss of weight. Therefore the weight of fluid displaced by 
the crown is FP. 


W, We a5 13 
It follows that Vv: F,+ 1: F,=F, 
or w, PF, + w,P, = (w, + wv) £, 
h Wide Dee 
whence w, FF, 


This procedure corresponds pretty closely to that described 
in the poem de ponderibus et mensurts (written probably about — 
500 A.D.)* purporting to explain Archimedes’ method. Ac- 
cording to the author of this poem, we first take two equal 
weights of pure gold and pure silver respectively and weigh 
them against each other when both immersed in water; this 
gives the relation between their weights in water and therefore 
between their loss of weight in water. Next we take the 
mixture of gold and silver and an equal weight of pure silver 
and weigh them against each other in water in the same 
manner. 


The other version of the method used by Archimedes is 
that given by Vitruvius}, according to which he measured 
successively the volwmes of fluid displaced by three equal 
weights, (1) the crown, (2) the same weight of gold, (3) the 
same weight of silver, respectively. Thus, if as before the 
weight of the crown is W, and it contains weights w, and w, of 
gold and silver respectively, 


(1) the crown displaces a certain quantity of fluid, V say. 


(2) the weight W of gold displaces a certain volume of 


* Torelli’s Archimedes, p. 364; Hultsch, Metrol. Script. 1. 95 sq., and 
Prolegomena § 118. 
+ De architect. 1x. 3, 
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fluid, V, say ; therefore a weight w, of gold displaces a volume 


- LV, of fluid. 


(3) the weight W of silver displaces a certain volume of 
fluid, say V,; therefore a weight w, of silver displaces a volume 


oe of fluid. 
It follows that Vane; 3 Ale, 
whence, since W=w,+4, 
Wy V.-—V. 
UssicnV sa 


and this ratio is obviously equal to that before obtained, viz. 
F,-F ] 
F-F, 

Postulate 2. 


“Let it be granted that bodies which are forced upwards in 
a fluid are forced upwards along the perpendicular [to the 
surface] which passes through their centre of gravity.” 


Proposition 8. 


If a solid in the form of a segment of a sphere, and of a 
substance lighter than a flucd, be immersed in tt so that its base 
does not touch the surface, the solid will rest in such a position 
that its axis 1s perpendicular to the surface ; and, vf the solid be 
forced into such a position that rts base touches the fluid on one 
side and be then set free, it will not remain in that position but 
will return to the symmetrical position. 

[The proof of this proposition is wanting in the Latin 
version of Tartaglia. Commandinus supplied a proof of his 
own in his edition.] 


Proposition 9. 


If a solid in the form of a segment of a sphere, and of a 
substance lighter than a fluid, be immersed in it so that tts base 
is completely below the surface, the solid will rest in such a 
position that its amis is perpendicular to the surface. 
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[The proof of this proposition has only survived in a 
mutilated form. It deals moreover with only one case out of 
three which are distinguished at the beginning, viz. that in 
which the segment is greater than a hemisphere, while figures 
only are given for the cases where the segment is equal to, or 
less than, a hemisphere. ] 

Suppose, first, that the segment is greater than a hemisphere. 
Let it be cut by a plane through its axis and the centre of the 
earth; and, if possible, let it be at rest in the position shown 
in the figure, where AB is the intersection of the plane with 
the base of the segment, DH its axis, C the centre of the 
sphere of which the segment is a part, O the centre of the 
earth. 


The centre of gravity of the portion of the segment outside 
the fluid, as F, lies on OC produced, its axis passing through C. 


Let G be the centre of gravity of the segment. Join FG, 
and produce it to H so that 

FG : GH =(volume of immersed portion) : (rest of solid). 
Join OH. 

Then the weight of the portion of the solid outside the fluid 
acts along F/O, and the pressure of the fluid on the immersed 
portion along OH, while the weight of the immersed portion 
acts along HO and is by hypothesis less than the pressure of 
the fluid acting along OH. 


Hence there will not be equilibrium, but the part of the 
segment towards A will ascend and the part towards B descend, 


until D# assumes a position perpendicular to the surface of 
the fluid. 
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BOOK II. 


Proposition 1. 


If a solid lighter than a fluid be at rest in it, the weight of 
the solid will be to that of the same volume of the fluid as the 
immersed portion of the solid is to the whole. 

Let (4 +B) be the solid, B the portion immersed in the 
fluid. 

Let (C + D) be an equal volume of the fluid, C being equal 
in volume to A and B to D. 

* 

Further suppose the line # to represent the weight of the 
solid (A + B), (+@) to represent the weight of (C+D), and 
G that of D. 


Then 
weight of (A +B) : weight of (0+ D)=# : (F'+ @)...(1). 
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And the weight of (A+B) is equal to the weight of a 
volume B of the fluid [I. 5], ie. to the weight of D. 


That is to say, H=G. 
Hence, by (1), 
weight of (A + B): weight of (C+ D)=G:F+G 
=D:C+D 
= BAB. 


Proposition 2. 


If a right segment of a paraboloid of revolution whose axis is 
not greater than 3p (where p is the principal parameter of the 
generating parabola), and whose specific gravity is less than that 
of a flud, be placed in the fluid with its axis inclined to the 
vertical at any angle, but so that the base of the segment does not 
touch the surface of the fluid, the segment of the paraboloid will 
not remain in that position but will return to the position in 
which its axis is vertical. 


Let the axis of the segment of the paraboloid be AN, and 
through AW draw a plane perpendicular to the surface of the 
fluid. Let the plane intersect the paraboloid in the parabola 
BAB’, the base of the segment of the paraboloid in BB’, and 
the plane of the surface of the fluid in the chord QQ’ of the 
parabola. 


Then, since the axis A is placed in a position not perpen- 
dicular to QQ’, BB’ will not be parallel to QQ’. 


Draw the tangent PT’ to the parabola which is parallel to 
QQ’, and let P be the point of contact*. 


[From P draw PV parallel to AN meeting QQ’ in y. 
Then PV will be a diameter of the parabola, and also the 
axis of the portion of the paraboloid immersed in the fluid. 


* The rest of the proof is wanting in the version of Tartaglia, but is given 
in brackets as supplied by Commandinus. 
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Let C be the centre of gravity of the paraboloid BAB’, and 
F that of the portion immersed in the fluid. Join FC and 
produce it to H so that H is the centre of gravity of the 
remaining portion of the paraboloid above the surface. 


BY 


LPKM T 
Then, since AN =AC*, 
and AN +p, 
it follows that AC + £ 


Therefore, if CP be joined, the angle CPT is acutef. 
Hence, if CK be drawn perpendicular to PT, K will fall between 
Pand T. And,if FL, HM be drawn parallel to CK to meet 
PT, they will each be perpendicular to the surface of the fluid. 


Now the force acting on the immersed portion of the 
segment of the paraboloid will act upwards along LF, while 
the weight of the portion outside the fluid will act downwards 


along HM. 
Therefore there will not be equilibrium, but the segment 


* As the determination of the centre of gravity of a segment of a paraboloid 
which is here assumed does not appear in any extant work of Archimedes, or 
in any known work by any other Greek mathematician, it appears probable that 
it was investigated by Archimedes himself in some treatise now lost. 

+ The truth of this statement is easily proved from the property of the sub- 
normal. For, if the normal at P meet the axis in G, AG is greater than f 
except in the case where the normal is the normal at the vertex A itself, But 
the latter case is excluded here because, by hypothesis, AN is not placed vertically. 
Hence, P being a different point from A, AG is always greater than 4C; and, 
since the angle TPG is right, the angle 7 PC must be acute. 
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will turn so that B will rise and B’ will fall, until AN takes 
the vertical position. ] 


[For purposes of comparison the trigonometrical equivalent 
of this and other propositions will be appended. 

Suppose that the angle V7P, at which in the above figure 
the axis AW is inclined to the surface of the fluid, is denoted 
by 8. 

Then the coordinates of P referred to AW and the tangent 
at A as axes are 


Lian ig 
4 0ot 6, 9 cot 6, 


where p is the principal parameter. 
Suppose that AN=h, PV=k. 


If now «’ be the distance from 7’ of the orthogonal projection 
of F on TP, and « the corresponding distance for the point C, 
we have 


cot? 6. cos 0+ F cot 6. .sin +5 k cos 8, 


cot? 8. cos 0+ 5 = h cos 6, 


eke on 


whence w’ —#2=cos int (cot? 6 + 2) — 5 0-H} : 


In order that the segment of the paraboloid may turn in 
the direction of increasing the angle PT'N, «’ must be greater 
than «, or the expression just found must be positive. 


This will always be the case, whatever be the value of 0, if 


or h > $p-] 


Proposition 3. 


If a right segment of a paraboloid of revolution whose axis 
as not greater than 3p (where p is the parameter), and whose 
specific gravity vs less than that of a fluid, be placed in the fluid 
with rts aais inclined at any angle to the vertical, but so that its 
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base 1s entirely submerged, the solid will not remain in that posi- 
tion but will return to the position in which the amis is vertical. 

Let the axis of the paraboloid be AN, and through AN 
draw a plane perpendicular to the surface of the fluid inter- 
secting the paraboloid in the parabola BAB’, the base of the 
segment in BN B’, and the plane of the surface of the fluid in 
the chord QQ’ of the parabola. 


T MKPL 


“oS 


Then, since AN, as placed, is not perpendicular to the 
surface of the fluid, QQ’ and BB’ will not be parallel. 

Draw PT parallel to QQ’ and touching the parabola at P. 
Let PT meet NA produced in 7. Draw the diameter PV 
bisecting QQ’ in V. PV is then the axis of the portion of the 
paraboloid above the syrface of the fluid. 

Let C be the centre of gravity of the whole segment of the 
paraboloid, F that of the portion above the surface. Join FC 
and produce it to H so that H is the centre of gravity of 
the immersed portion. 


Then, since AC +f, the angle CPT is an acute angle, as in 


the last proposition. 

Hence, if CK be drawn perpendicular to PZ, K will fall 
between P and 7. Also, if HM, FL be drawn parallel to CX, 
they will be perpendicular to the surface of the fluid. 

And the force acting on the submerged portion will act 
upwards along HWM, while the weight of the rest will act 
downwards along LF produced. 

Thus the paraboloid will turn until it takes the position 
in which AW is vertical. 
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Proposition 4. 


Given a right segment of a paraboloid of revolution whose 
axis AN is greater than &p (where p is the parameter), and 
_ whose specific gravity is less than that of a fluid but bears 
to it a ratio not less than (AN—#p)’: AN’, if the segment 
of the paraboloid be placed in the fluid with its axis at any 
inclination to the vertical, but so that its base does not touch 
the surface of the fiuid, it will not remain in that position but 
will return to the position in which its axis is vertical. 

Let the axis of the segment of the paraboloid be AWN, and 
let a plane be drawn through AW perpendicular to the surface 
of the fluid and intersecting the segment in the parabola BAB’, 
the base of the segment in BB’, and the surface of the fluid in 
the chord QQ’ of the parabola. 


Then AJ, as placed, will not be perpendicular to QQ’. 

Draw PT parallel to QQ’ and touching the parabola at P. 
Draw the diameter PV bisecting QQ’ in V. Thus PV will be 
the axis of the submerged portion of the solid. 

Let C be the centre of gravity of the whole solid, F that of 
the immersed portion. Join FC and produce it to H so that H 
is the centre of gravity of the remaining portion. 

Now, since AN =3A0, 

and AN > 3p, 


it follows that AC >f. 
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Measure CO along C'A equal to P and OR along OC equal to 


9 ? 
4A0. 
Then, since AN =3AC, 
and AR =3A0, 
we have, by subtraction, 
- NR=300. 
That is, AN —AR=300 
= 4D, 
or AR =(AN — 3p). 


Thus (AN —sp)u: AN t= AR AN* 

and therefore the ratio of the specific gravity of the solid to 
that of the fluid is, by the enunciation, not less than the ratio 
A AN ®. 

But, by Prop. 1, the former ratio is equal to the ratio 
of the immersed portion to the whole solid, ie. to the ratio 
PV?: AN? [On Conoids and Spheroids, Prop. 24]. 

Hence DV RAIN ee Adee AN 
or EVA Ki: 

It follows that 

PF (=3PV)¢ 3AR 
< AO. 
If, therefore, OK be drawn from O perpendicular to OA, it will 
meet PF between P and F. 

Also, if CK be joined, the triangle KCO is equal and similar 
to the triangle formed by the normal, the subnormal and the 
ordinate at P (since CO=4p or the subnormal, and KO is 
equal to the ordinate). 

Therefore CK is parallel to the normal at P, and therefore 
perpendicular to the tangent at P and to the surface of the 
fluid. 

Hence, if parallels to CK be drawn through F, H, they will 
be perpendicular to the surface of the fluid, and the force 
acting on the submerged portion of the solid will act upwards 
along the former, while the weight of the other portion will 
act downwards along the latter. 
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Therefore the solid will not remain in its position but will 
turn until AN assumes a vertical position. 


[Using the same notation as before (note following Prop. 2), 
we have 


peniey ea wT ot Bone: 
x’ —x2=cos 0 cee 6+2 3 (h k)e, 
and the minimum value of the expression within the bracket, 
for different values of 0, is 


ite 
corresponding to the position in which AM is vertical, or 0= = 


Therefore there will be stable equilibrium in that position only, 
provided that 
k< (h— 4p), 


or, if s be the ratio of the specific gravity of the solid to that of 
the fluid (= k’/h’ in this case), 


s¢(h— apy] 


Proposition 5. 


Given a right segment of a paraboloid of revolution such that 
ws axis AN 1s greater than 3p (where p is the parameter), and 
its specific gravity is less than that of a fluid but in a ratio to 
wt not greater than the ratio {AN*—(AN —8p)}: AN’, if the 
segment be placed in the fluid with its axis inclined at any angle 
to the vertical, but so that its base ts completely submerged, tt will 
not remain im that position but will return to the position in 
which AN 1s vertical. 

Let a plane be drawn through AN, as placed, perpendicular 
to the surface of the fluid and cutting the segment of the 
paraboloid in the parabola BAB’, the base of the segment in 
BB’, and the plane of the surface of the fluid in the chord 
QQ’ of the parabola. 

Draw the tangent PT parallel to QQ’, and the diameter 
PY, bisecting QQ’, will accordingly be the axis of the portion 
of the paraboloid above the surface of the fluid. 
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Let F be the centre of gravity of the portion above the 
surface, C that of the whole solid, and produce FC to H, the 
centre of gravity of the immersed portion. 


As in the last proposition, AC > 4 and we measure CO along 


CA equal to 2 and OR along OC equal to 4A0. 
Then AN =3AC, and AR =3A0; 


and we derive, as before, 
AR=(AN — 3p). 
Now, by hypothesis, 
(spec. gravity of solid) : (spec. gravity of fluid) 
} {AN?— (AN —4p)"} : AN? 
> (AN? —AR’): AN’. 


Therefore 
(portion submerged) : (whole solid) 
$+ (AN - AR’): AN’, 


and (whole solid) : (portion above surface) 
pAN*: AR*. 
Thus ANCE er A Ad 
whence PV <¢ AR, 
and PF¢3AR 


¢ AO. 
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Therefore, if a perpendicular to AC be drawn from 0, it will 
meet PF in some point K between P and F. 

And, since CO =4p, CK will be pempendisy a to PT, as in 
the last proposition. 

Now the force acting on the submerged portion of the solid 
will act upwards through H, and the weight of the other 
portion downwards through F, in directions parallel in both 
cases to CK; whence the proposition follows. 


Proposition 6. 


If a right segment of a paraboloid lighter than a fluid be 
such that its awis AM is greater than 3p, but AM: 4p<15: 4, 
and uf the segment be placed in the fluid with its axis so inclined 
to the vertical that its base touches the fluid, it will never remain 
in such a position that the base touches the surface in one point 
only. 

Suppose the segment of the paraboloid to be placed in the 
position described, and let the plane through the axis AM 
perpendicular to the surface of the fluid intersect the segment 
of the paraboloid in the parabolic segment BAB’ and the plane 
of the surface of the fluid in BQ. 


Take C on AM such that AC =2CM (or so that C is the 
centre of gravity of the segment of the paraboloid), and measure 
CK along CA such that 

AM :CK=15: 4. 


Thus AM:CK > AM: 3p, by hypothesis; therefore CK < 4p. 
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Measure CO along CA equal to tp. Also draw KR per- 
pendicular to AC meeting the parabola in R. 

Draw the tangent PT parallel to BQ, and through P draw 
the diameter PV bisecting BQ in V and meeting KR in J. 


Then MEN SO) ed AUER ING 
“for this is proved.” * 

And CK = 4AM =2AC; 
whence AK =AC-—CK =8AC=2AM. 

Thus KM =2AM. 

Therefore KM =3AK. 

It follows that 

Sek eR eae 

so that ET Oy 


Let F' be the centre of gravity of the immersed portion of 
the paraboloid, so that PF =2FV. Produce FC to H, the 
centre of gravity of the portion above the surface. 


Draw OL perpendicular to PV. 


* We have no hint as to fhe work in which the proof of this proposition was 
contained, The following proof is shorter than Robertson’s (in the Appendix 
to Torelli’s edition). 

Let BQ meet AM in U, and let PN be the ordinate from P to AM. 

We have to prove that PV. AK .;~ PI. KM, or in other words that 

(PV .AK- PI. KM) is positive or zero. 

Now PV.AK-PI.KM=AK.PV—-(AK-AN)(AM- Ak) 
=AK*-—AK(AM+AN-PV)+AM.AN 
=AK?-AK.UM+AM.AN, 

(since AN=AT). 


Now UM: BM=NT: PN. 
Therefore UM?:p.AM=4AN?:p.AN, 
whence UM?=4AM . AN, 
2 
or AM. AN=" 5 
UM? 
Therefore PV.AK -PI.KM=4K*- AK. UM + —— 
2 
= (ax- a) 5 


and accordingly (PV. AK - PI. KM) cannot be negative. 
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Then, since CO = 3, CL must be perpendicular to PT and 
therefore to the surface of the fluid. 

And the forces acting on the immersed portion of the 
paraboloid and the portion above the surface act respectively 
upwards and downwards along lines through F' and H parallel 
to CL. 

Hence the paraboloid cannot remain in the position in which 
B just touches the surface, but must turn in the direction of 
increasing the angle PT'M. 

The proof is the same in the case where the point J is not 
on VP but on VP produced, as in the second figure*. 


B' 


[With the notation used on p. 266, if the base BB’ touch 
the surface of the fluid at B, we have 
BM=BV sin 6+ PN, 
and, by the property of the parabola, 
BV? =(p+4AN) PV 
= pk (1 + cot? 6). 


Therefore V ph = Vpk +f cot 6. 


To obtain the result of the proposition, we have to eliminate 
k between this equation and 


2 
x’ —£=CO08 0 Hf (cot 8+ 2)—3(h—k) : 
* It is curious that the figures given by Torelli, Nizze and Heiberg are all 


incorrect, as they all make the point which I have called J lie on BQ instead of 
VP produced. 
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/ 


We have, from the first equation, 
k=h—W"phcot 0+ cot? 8, 


or h—k="ph cot 0 cot? 8. 


Therefore 


a’ —x2=cos6 2 (cot? 0+.2)—=(Wph cot @—” cot? ay} 


= cos 0 HF (§ cot? 0+ 2) — 3 vpheot df 


If then the solid can never rest in the position described, 
but must turn in the direction of increasing the angle PT, 
the expression within the bracket must be positive whatever 
be the value of 0. 


Therefore (%)" ph < $p”, 
or h<4£p.] 


Proposition 7. 


Given a right segment of a paraboloid of revolution lighter 
than a fluid and such that its ais AM is greater than } p, but 
AM :4p<15: 4, of the segment be placed in the fluid so that 
its base is entirely submerged, tt will never rest in such a position 
that the base touches the surface of the fluid at one point only. 

Suppose the solid so placed that one point of the base 
only (B) touches the surface of the fluid. Let the plane 
through B and the axis AM cut the solid in the parabolic 
segment BAB’ and the plane of the surface of the fluid in the 
chord BQ of the parabola. 


Let C be the centre of gravity of the segment, so that 
AC =20M;; and measure CK along CA such that 


AM:CK=15: 4. 
It follows that CK < tp. 


Measure CO along CA equal to $p. Draw KR perpen- 
dicular to AM meeting the parabola in R. 
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Let PT, touching at P, be the tangent to the parabola 
which is parallel to BQ, and PV the diameter bisecting BQ, Le. 
the axis of the portion of the paraboloid above the surface. 


B’ 
Then, as in the last proposition, we prove that 


Ey eet 


and Pi, im 2 OPV. 


Let F be the centre of gravity of the portion of the solid 
above the surface; join FC and produce it to H, the centre of 
gravity of the portion submerged. 


Draw OL perpendicular to PV; and, as before, since 
CO=%>p, CL is perpendicular to the tangent PT. And the 
lines through H, F parallel to CZ are perpendicular to the 


surface of the fluid; thus the proposition is established as 
before. 


The proof is the same if the point J is not on VP but on 
VP. produced. 


Proposition 8. 


Given a solid in the form of a right segment of a paraboloid 
of revolution whose axis AM is greater than 2p, but such that 
AM :}p<15: 4, and whose specific gravity bears to that of a 
fiuad a ratio less than (AM—%p): AM’, then, if the solid be 
placed in the frmd so that its base does not touch the fluid and 
its axis 1s inclined at an angle to the vertical, the solid will not 
return to the position in which its axis is vertical and will not 
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remain in any position except that in which its awis makes with 
the surface of the fluid a certain angle to be described. 


Let am be taken equal to the axis AM, and let c be a point 
on am such that ac=2cm. Measure co along ca equal to £D, 
and or along oc equal to 4ao. 


Let X + Y be a straight line such that 
(spec. gr. of solid) : (spec. gr. of fluid) =(X + Y)?: am?...... (a), 
and suppose X = 2Y., 


Now ar =3a0=3(2am—tp) 
=am—?p 
=AM—#p. 


Therefore, by hypothesis, 
(X+Y)*: am’ < ar’: am’, 
whence (X + Y) <a, and therefore X < ao. 


Measure ob along oa equal to X, and draw bd perpendicular 
to ab and of such length that 


Join ad. 

Now let the solid be placed in the fluid with its axis AM 
inclined at an angle to the vertical. Through AM draw a 
plane perpendicular to the surface of the fluid, and let this 
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plane cut the paraboloid in the parabola BAB’ and the plane 
of the surface of the fluid in the chord QQ’ of the parabola. 


Draw the tangent PT parallel to QQ’, touching at P, and 
let PV be the diameter bisecting QQ’ in V (or the axis of the 
immersed portion of the solid), and PN the ordinate from P. 


Measure AO along AM equal to ao, and OC along OM 
equal to oc, and draw OL perpendicular to PV. 


I. Suppose the angle O7P greater than the angle dab. 


Thus PN? ONE. > db-: ba. 
But PN*: > NP =p:4ANn 
=co: NT, 
and db? : ba® =o : ab, by (8). 
Therefore NT < 2ab, 
or AN <ab, 
whence NO>bo (since ao= AO) 
E.G 


Now (X + Y)’: am’ =(spec. gr. of solid) : (spec. gr. of fluid) 
= (portion immersed) : (rest of solid) 
= PV*: AM*, 
so that X+Y=PYV. 
But PL (=NO)>X 
>3(X+Y), since X =2Y, 
>2PV, 
or ga B dca bp 
and therefore PL>2LV. 


Take a point F on PV so that PF=2FYV, i.e. so that F is 
the centre of gravity of the immersed portion of the solid. 

Also AC =ac=%am=%AM, and therefore C is the centre 
of gravity of the whole solid. 


Join FC and produce it to H, the centre of gravity of the 
portion of the solid above the surface. 


ON FLOATING BODIES II. 279 


Now, since CO = }p, CL is perpendicular to the surface of 
the fluid; therefore so are the parallels to CL through F and 
H. But the force on the immersed portion acts upwards 
through FF’ and that on the rest of the solid downwards 
through 4H. 


Therefore the solid will not rest but turn in the direction of 
diminishing the angle M7'P. 


II. Suppose the angle O7'P less than the angle dab. In 
this case, we shall have, instead of the above results, the 
following, 


AN >ab, 

NO<X. 
Also PV >$Pf, 
and therefore PL<2LV. 


Make PF equal to 2FV, so that F is the centre of gravity 
of the immersed portion. 


And, proceeding as before, we prove in this case that the 
solid will turn in the direction of increasing the angle MTP. 


III. When the angle MTP is equal to the angle dab, 
equalities replace inequalities in the results obtained, and Lis 
itself the centre of gravity of the immersed portion. Thus all 
the forces act in one straight line, the perpendicular CL; 
therefore there is equilibrium, and the solid will rest in the 
position described. 
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[With the notation before used 
Epes eg {Bf (cot* 8 +2) - 5-H}, 


and a position of equilibrium is obtained by equating to zero the 
expression within the bracket. We have then 
LTV ES gay BE 
400% 0 3 (h k) 3° 
It is easy to verify that the angle 6 satisfving this equation 
is the identical angle determined by Archimedes. For, in the 
above proposition, 


3X 
gil Vk, 
2, ePae P 
whence ab = sh—-G—gk=g(h—-k)—5- 
Also bd? =f ab. 


It follows that 
— ab?/bg? = * ij Pl 
cot? dab = ab’/bd*® = 3 (h k) 3} . 


Proposition 9. 


Given a solid in the form of a right segment of a paraboloid 
of revolution whose ams AM is greater than }p, but such that 
AM:}p<15:4, and whose specific gravity bears to that of a 
fluid a ratio greater than {AM’—(AM—#p)*} : AM’, then, 1 
the solid be placed in the fluid with its axis inclined at an angle 
to the vertical but so that its base is entirely below the surface, 
the solid will not return to the position in which its axis is 
vertical and will not remain in any position except that in which 
its ass makes with the surface of the fluid an angle equal to that 
described in the last proposition. 


Take am equal to AM, and take c on am such that ac = 2em. 


Measure co along ca equal to 4p, and ar along ac such that 
ar = 3a0. 
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Let X + Y be such a line that 
(spec. gr. of solid) : (spec. gr. of fluid) = {am?—(X + Y)*} : am?, 
and suppose X = 2Y. 


Now ar = 3a0 
= 3 (Jam — }p) 
=AM—p. 


Therefore, by hypothesis, 
am* — ar? Fam? < fam? —(X + Y)*} : am?, 
whence X+Y<ar, 
and therefore X < ao. 

Make ob (measured along oa) equal to X, and draw bd 
perpendicular to ba and of such length that 

bd? =4c0. ab. 
Join ad. 

Now suppose the solid placed as in the figure with its axis 
AM inclined to the vertical. Let the plane through AM 
perpendicular to the surface of the fluid cut the solid in the 
parabola BAB’ and the surface of the fluid in QQ’. 

Let PT’ be the tangent parallel to QQ’, PV the diameter 
bisecting QQ’ (or the axis of the portion of the paraboloid above 
the surface), PN the ordinate from P. 
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I. Suppose the angle M7'P greater than the angle dab. 
Let AM be cut as before in C and O so that AC=20M, 
OC =4>p, and accordingly AM, am are equally divided. Draw 
OL perpendicular to PV. 


Then, we have, as in the last proposition, 


DN? NT! abs ba; 


whence co: NT'>4co : ab, 
and therefore AN <ab. 
It follows that NO >bo 
> X. 


Again, since the specific gravity of the solid is to that of 
the fluid as the immersed portion of the solid to the whole, 


AM*—-(X+Y)?: AM’=AM*-PV’*: AM’, 


or (X44 Y)2 Aiea PV AM 
That is, A+ Y=PYV. 
And PL (or NO)>X 
>3PY, 
so that PL>2LV. 


Take F on PV so that PF=2FV. Then F is the centre 
of gravity of the portion of the solid above the surface. 


Also C is the centre of gravity of the whole solid.. Join FC 
and produce it to H, the centre of gravity of the immersed 
portion. 


Then, since CO = $9, CL is perpendicular to PT and to the 
surface of the fluid; and the force acting on the immersed 
portion of the solid acts upwards along the parallel to CZ 
through H, while the weight of the rest of the solid acts down- 
wards along the parallel to CL through F. 


Hence the solid will not rest but turn in the direction of 
diminishing the angle MTP. 


II. Exactly as in the last proposition, we prove that, if the 
angle MT’P be less than the angle dab, the solid will not remain 
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in its position but will turn in the direction of increasing the 


angle MTP. 


B 


III. If the angle MTP is equal to the angle dab, the solid 
will rest in that position, because Z and Ff’ will coincide, and all 
the forces will act along the one line CL. 


Proposition 10. 

Given a solid in the form of a right segment of a paraboloid 
of revolution in which the axis AM is of a length such that 
AM:tp>15:4, and supposing the solid placed in a fluid 
of greater specific gravity so that its base is entirely above the 
surface of the fluid, to investigate the positions of rest. 

(Preliminary. ) 

Suppose the segment of the paraboloid to be cut by a plane 
through its axis AM in the parabolic segment BAB, of which 
BB, is the base. 

Divide AM at C so that AC = 20M, and measure CK along 


CA so that 
AMG Cat] BAe, ve lke (a), 


whence, by the hypothesis, CK > 4p. 
Suppose CO measured along CA equal to }p, and take a 
point R on AM such that MR = 3C0. 
Thus AR=AM-MR 
= 3 (AC — CO) 
= 8A0. 
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Join BA, draw KA, perpendicular to AM meeting BA in A, 


bisect BA in A;,and draw A,M,, A;M; parallel to AM meeting 
BM in M,, M, respectively. 


st 


' 
' 
1 
\ 
\ 
\ 
' 
' 
' 
{ 
' 
t 
1 
\ 
\ 
\ 
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' 
\ 
\ 
l 
v 
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On A,M,, A;M, as axes describe parabolic segments similar 
to the segment BAB,. 


(It follows, by similar triangles, that 
BM will be the base of the segment whose axis is A,M, and 


BB, the base of that whose axis is A,M,, where BB, = 2BM,,.) 
The parabola BA,B, will then pass through C. 
[For BM,: M.M=BM,: A,K 
=KM: AK 
=CM+CK:AC-—CK 
=($+7%)4M:G-%)AM 
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Thus C is seen to be on the parabola BA,B, by the converse 
of Prop. 4 of the Quadrature of the Parabola.] 

Also, if a perpendicular to AM be drawn from QO, it will 
meet the parabola BA,B, in two points, as Q,, P,. Let Q,0,Q,D 
be drawn through Q, parallel to AM meeting the parabolas 
BAB,, BA;M respectively in Q,, Q; and BM in D; and let 
P,P.P; be the corresponding parallel to AM through P,. Let 
the tangents to the outer parabola at P,, Q, meet MA produced 
in 7, U respectively. 

Then, since the three parabolic segments are similar and 
similarly situated, with their bases in the same straight line 
and having one common extremity, and since Q,Q.Q,D is a 
diameter common to all three segments, it follows that 


Q:Q2 : QQ; = (B.B, : B,B).(BM : MB,)*. 


Now BB, > BB = MM,: BM (dividing by 2) 
= 2:5, by means of (8) above. 
And BM : MB,= BM : (2BM,— BM) 
=5:(6—5), by means of (£), 
=5:1. 


* This result is assumed without proof, no doubt as being an easy deduction 
from Prop. 5 of the Quadrature of the Parabola. It may be established 
as follows. 

First, since 44,4,B is a straight line, and A4N=AT with the ordinary 
notation (where PT is the tangent at P and PN the ordinate), it follows, by 
similar triangles, that the tangent at B to the outer parabola is a tangent to 
each of the other two parabolas at the same point B. 

Now, by the proposition quoted, if DQ,Q.Q, produced meet the tangent BT 
in HE, 

EQ; : Q3D=BD : DM, 


whence £Q,;: ED=BD: BM. 
Similarly EQ, : ED=BD : BB,, 
and EQ, : ED=BD: BB. 


The first two proportions are equivalent to 
EQ;: ED=BD.BB,: BM. BB,, 
and EQ,: ED=BD.BM: BM .BB,. 


By subtraction, 
Q.93: ED=BD.MB,: BM. BB,. 


Similarly Q,9,: HD=BD.B,B, : BB,.BB,. 
It follows that 
Qi: ? Q293=(B2B, : BB) .(BM : MB,). 
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It follows that 
0:9. : Q.95 =2:1, 


wh QQ. Te 202s. 
Similarly PIP oe 2P Pe ‘| 
Also, since MR = 3C0 = 3p, 
AR=AM—MR 
= AM — 3p. 
(Enunciation.) 


If the segment of the paraboloid be placed in the flmd with 
its base entirely above the surface, then 


(L) of 
(spec. gr. of solid) : (spec. gr. of fluid) ¢ AR? : AM’ 
[4 (AM— py: AM"), 
the solid will rest in the position in which its axis AM is vertical ; 
(IL) if 
(spec. gr. of solid) : (spec. gr. of fluid) < AR’: AM? 
bits OC Oacea ie 
the solid will not rest with its base touching the surface of the 
fluid in one pornt only, but in such a position that rts base does 


not touch the surface at any point and its axis makes with the 
surface an angle greater than U; 


(III. a) of 
(spec. gr. of solid) : (spec. gr. of fluid) = Q,Q;’ : AM’, 
the sod will rest and remain in the position in which the base 
touches the surface of the fluid at one point only and the axis 
makes with the surface an angle equal to U ; 
(IIT. b) of 
(spec. gr. of solid) : (spec. gr. of fluid) = P,P;?: AM’, 
the solid will rest with its base touching the surface of the fluid 
at one point only and with its axis inclined to the surface at an 
angle equal to T,; 
GAY ee 
(spec. gr. of solid) : (spec. gr: of flud) > P,P,’ : AM? 
but < Q,Q." : AM?, 
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the solid will rest and remain in a position with its base more 
submerged ; 


(V.) f 
(spec. gr. of solid) : (spec. gr. of fluid) < P,P,’ : AM”, 


the solid will rest in a position in which its axis is inclined to the 
surface of the fluid at an angle less than T,, but so that the base 
does not even touch the surface at one point. 


(Proof. ) 
(I.) Since AM > ?p, and 
(spec. gr. of solid) : (spec. gr. of fluid) ¢ (AM — ip): AM’, 
it follows, by Prop. 4, that the solid will be in stable equilibrium 
with its axis vertical, 
(II.) In this case 
(spec. gr. of solid) : (spec. gr. of fluid) < AR*: AM? 
but > QQ,’ : AM. 


Suppose the ratio of the specific gravities to be equal to 
ba Al 
so that 1< AR but > Q,Q;. 
Place P’V’ between the two parabolas BAB,, BP,Q;M equal 


‘ 
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to J and parallel to AM*; and let P’V’ meet the intermediate 
parabola in F”. 


Then, by the same proof as before, we obtain 
Pe ales. 
Let P’T7’, the tangent at P’ to the outer parabola, meet 
MA in T’, and let P’N’ be the ordinate at P’. 
Join BV’ and produce it to meet the outer parabola in Q’. 
Let 0Q,P, meet P’V’ in I, 


Now, since, in two similar and similarly situated parabolic 


* Archimedes does not give the solution of this problem, but it can be 
supplied as follows. 

Let BR,Q,, BRQ, be two similar and similarly situated parabolic segments 
with their bases in the same straight line, and let BE be the common tangent 
at B. 


Suppose the problem solved, and let ERR,O, parallel to the axes, meet the 
parabolas in R, R, and BQ, in O, making the intercept RR, equal to J. 


Then, we have, as usual, 
ER, : EO=BO: BQ, 
=BO.BQ,: BQ,.BQs, 
and ER: EO=B0: BQ, 
= BOMB O mE DO eb One 


RR, : EO=BO.Q,Q, : BQ,- BQ», 


By subtraction, 


or BO.OE=l1. BOW ECs, which is known. 
Q1Q> 


And the ratio BO: OF is known. Therefore BO?, or OE, can be found, and 
therefore O, 
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segments with bases BM, BB, in the same straight line, BV’, BQ’ 
are drawn making the same angle with the bases, 
BV’: BQ’=BM : BB,* 
= jl 2D, 
so that BV' = V’'Q. 
Suppose the segment of the paraboloid placed in the fluid, 
as described, with its axis inclined at an angle to the vertical, 


and with its base touching the surface at one point B only. 
Let the solid be cut by a plane through the axis and _per- 


B’ 


pendicular to the surface of the fluid, and let the plane intersect 
the solid in the parabolic segment BAB’ and the plane of the 
surface of the fluid in BQ. 

Take the points C, 0 on AM as before described. Draw 


* To prove this, suppose that, in the figure on the opposite page, BR, is 
produced to meet the outer parabola in R,. 


We have, as before, 
ER, : EO=BO: BQ, 


ER: EO=BO: BQ, 
whence ER,: ER=BQ,: BQ). 
And, since R, is a point within the outer parabola, 
ER: ER,=BR, : BR, in like manner. 
Hence BQ, : BQ,=BR, : BR,. 
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the tangent parallel to BQ touching the parabola in P and 
meeting AM in 7; and let PV be the diameter bisecting BQ 
(i.e. the axis of the immersed portion of the solid). 
Then 
? : AM? =(spec. gr. of solid) : (spec. gr. of fluid) 
= (portion immersed) : (whole solid) 
= <A Ne, 
whence P'V'’=l=PV. 
Thus the segments in the two figures, namely BP’Q’, 
BPQ, are equal and similar. 
Therefore LPL N =e Ns 
Also AT=AT,AN=AN',PN=P'N’. 
Now, in the first figure, P’'I < 21V’. 


Therefore, if OL be perpendicular to PV in the second 
figure, 

PL < 2LV. 

Take F on LV so that PF =2FV, ie. so that F is the centre 
of gravity of the immersed portion of the solid. And Cis the 
centre of gravity of the whole solid. Join FC and produce it to 
H, the centre of gravity of the portion above the surface. 


Now, since CO = 3p, CL is perpendicular to the tangent at 
P and to the surface of the fluid. Thus, as before, we prove 
that the solid will not rest with B touching the surface, but will 
turn in the direction of increasing the angle PT. 


Hence, in the position of rest, the axis AM must make with 
the surface of the fluid an angle greater than the angle U which 
the tangent at Q, makes with AM. 


(III. a) ~ In this case 
(spec. gr. of solid) : (spec. gr. of fluid) = Q,Q,? : AM’. 


Let the segment of the paraboloid be placed in the fluid so 
that its base nowhere touches the surface of the fluid, and its 
axis 1s inclined at an angle to the vertical. 
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Let the plane through AM perpendicular to the surface of 
the fluid cut the paraboloid in the parabola BAB’ and the 


B/ 


B \ E 


Th 


plane of the surface of the fluid in QQ’. Let PT be the tangent 
parallel to QQ’, PV the diameter bisecting QQ’, PN the ordinate 


Stel: 
Divide AWM as before at C, O. 
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In the other figure let Q,N’ be the ordinate at Q,. Join 
BQ, and produce it to meet the outer parabola in g. Then 
BQ; = Q.g, and the tangent Q,U is parallel to By. Now 

Q,Q.? : AM’ = (spec. gr. of solid) : (spec. gr. of fluid) 
= (portion immersed) : (whole solid) 
za al (er Eh 

Therefore Q,Q,;= PV; and the segments QPQ’, BQ,.q of the 
paraboloid are equal in volume. And the base of one passes 
through B, while the base of the other passes through Q, a point 
nearer to A than B is. 

It follows that the angle between QQ’ and BB’ is less than 
the angle B, Bq. 


Therefore LIU SZ N: 
whence AN’>AN, 
and therefore N’O (or QQ.) < PL, 


where OL is perpendicular to PV. 


It follows, since QQ, = 2Q.Q;, that 
PI >2LV. 


Therefore F, the centre of gravity of the immersed portion 
of the solid, is between P and L, while, as before, CL is perpen- 
dicular to the surface of the fluid. 


Producing FC to H, the centre of gravity of the portion of 
the solid above the surface, we see that the solid must turn in 
the direction of diminishing the angle P7'N until one point B 
of the base just touches the surface of the fluid. 


When this is the case, we shall have a segment BPQ equal 
and similar to the segment BQ,g, the angle PTN will be equal 
to the angle U, and AWN will be equal to AN’. 


Hence in this case PL = 2LV, and F, L coincide, so that F, 
C, H are all in one vertical straight line. 


Thus the paraboloid will remain in the position in which 
one point B of the base touches the surface of the fluid, and the 
axis makes with the surface an angle equal to U. 
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(III. b) In the case where 
(spec. gr. of solid) : (spec. gr. of fluid) = P,P,’ : AM’, 


we can prove in the same way that, if the solid be placed in the 
fluid so that its axis is inclined to the vertical and its base does 
not anywhere touch the surface of the fluid, the solid will take 
up and rest in the position in which one point only of the base 
touches the surface, and the axis is inclined to it at an angle 
equal to 7; (in the figure on p. 284). 


(IV.) In this case 
(spec. gr. of solid) : (spec. gr. of fluid) > P,P,’ : AM” 
but < QQ," : AM”. 


Suppose the ratio to be equal to /?: AM”, so that J is greater 
than P,P, but less than Q,Q3. 


Place P’V’ between the parabolas BP,Q,,. BP;Q; so that 
P’V’ is equal to J and parallel to AM, and let P’V’ meet the 
intermediate parabola in F” and OQ,P, in J. 


Join BV’ and produce it to meet the outer parabola in ¢. 


Then, as before, BV' = V'gq, and accordingly the tangent 
P’T’ at P’ is parallel to Bg. Let P’N’ be the ordinate of P’. 
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1. Now let the segment be placed in the fluid, first, with 
its axis so inclined to the vertical that its base does not 
anywhere touch the surface of the fluid. 


Bg’ 


Let the plane through AM perpendicular to the surface of 
the fluid cut the paraboloid in the parabola BAB’ and the 
plane of the surface of the fluid in QQ’. Let PT be the 
tangent parallel to QQ’, PV the diameter bisecting QQ’. 
Divide AWM at C, O as before, and draw OL perpendicular to PV. 


Then, as before, we have PV =1 = P’V’. 


Thus the segments BP’q, QPQ’ of the paraboloid are equal 
in volume; and it follows that the angle between QQ’ and BB’ 
is less than the angle B,Bq. 


Therefore PN NEON Ce BY Ob 
and hence AN’ > AN, 
so that NO>WN’O, 
Le. DEI Seg 


> P’F’, a fortiori, 
Thus PL >2LV, so that F, the centre of gravity of the 


immersed portion of the solid, is between LZ and P, while CL 
is perpendicular to the surface of the fluid. 
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If then we produce FC to H, the centre of gravity of the 
portion of the solid above the surface, we prove that the solid 
will not rest but turn in the direction of diminishing the 


angle PTN. 


2, Next let the paraboloid be so placed in the fluid that 
its base touches the surface of the fluid at one point B only, 
and let the construction’ proceed as before. 


Then PV = P’V’, and the segments BPQ, BP’q are equal 
and similar, so that 
CPN ae AP ar oN’. 
It follows that AN=AN', NO=N’0O, 
and therefore Pel= PT, 
whence PL>2LV. 


Thus F again lies between P and JZ, and, as before, the 
paraboloid will turn in the direction of diminishing the angle 
PTN, ie. so that the base will be more submerged. 


(V.) In this case 
(spec. gr. of solid) : (spec. gr. of fluid) < P,P,’ : AM’. 


If then the ratio is equal to 1?: AM’, |< P,P. Place P’V’ 
between the parabolas BP,Q, and BP;Q; equal in length to / 
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and parallel to AM. Let P’V’ meet the intermediate parabola 
in F’ and OP, in J. 

Join BV’ and produce it to meet the outer parabola in g. 
Then, as before, BV’ = V’q, and the tangent P’7” is parallel 
to Bq. 


B M Ba 8 


1. Let the paraboloid be so placed in the fluid that its 
base touches the surface at one point only. 


B’ 
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Let the plane through AWM perpendicular to the surface 
of the fluid cut the paraboloid in the parabolic section BAB’ 
and the plane of the surface of the fluid in BQ. 


Making the usual construction, we find 


PViisl=P'V", 
and the segments BPQ, BPygq are equal and similar. 
_ Therefore ZT NSAP TN. 
and AN=AN; N’0=NO0. 
Therefore PL=P'I, 


whence it follows that PL <2LV. 


Thus F, the centre of gravity of the immersed portion of the 
solid, lies between L and V, while CL is perpendicular to the 
surface of the fluid. 


Producing FC to H, the centre of gravity of the portion 
above the surface, we prove, as usual, that there will not be 
rest, but the solid will turn in the direction of increasing the 
angle PTN, so that the base will not anywhere touch the 
surface. 


2. The solid will however rest in a position where its axis 
makes with the surface of the fluid an angle less than 7;. 


B’ 
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For let it be placed so that the angle P7'N is not less 
than 7). 


Then, with the same construction as before, PV =] = P’V’. 


And, since Sad lie Pies ie 
AN}+AM,, 

and therefore NO ¢ N,O, where P,N, is the ordinate of P,. 
Hence PLP kgs 
But Pipe Pb FE’. 
Therefore PL >sPV, 


so that F, the centre of gravity of the immersed portion of 
the solid, lies between P and L. 


Thus the solid will turn in the direction of diminishing 
the angle PTV until that angle becomes less than 7}. 


[As before, if x, 2’ be the distances from T of the orthogonal 
projections of C, F respectively on 7'P, we have 


vf — n= 003 8 }F (cot? 8-42) — 5 (h-2)} ee (1), 


3 
where h=AM,k=PV. 
Also, if the base BB’ touch the surface of the fluid at one 


point B, we have further, as in the note following Prop. 6, 


Vph = Vpk +5 CORO Ssh eee een (2), 


and h—k="Vph cot 0 -f Gott Ose, semua (3). 


Therefore, to find the relation between A and the angle 6 at 
which the axis of the paraboloid is inclined to the surface of the 
fluid in a position of equilibrium with B just touching the 
surface, we eliminate k and equate the expression in (1) to 
zero; thus 


4 
or 5p cot? 6 — 8V ph cot 6 + 6p =0 ......eeee (4). 


(cot 6 +2)—5 (ph oot 6— cost ) = 0, 
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The two values of @ are given by the equations 
5Vp cot O=4Vh + V16h —B0Dp w.cccceeee, (5). 


The lower sign corresponds to the angle U, and the upper 
sign to the angle T,, in the proposition of Archimedes, as can 
be verified thus. 


In the first figure of Archimedes (p. 284 above) we have 


AK =h, 
M,D* =3p.OK =3p (gh —2h —4p) 
= (2-5) 
ers 9)" 


If P, P,P, meet BM in D’, it follows that 


M;D 


M 4 = M.D + M,M, 
3 


= ,/32(B-2 cose = 9 VP 


MD) e 
and MD’ = MM, + M,D 
2 ree , [BP (4h _p 
6 a5 ¥phe A/F (G5 -3): 
Now, from the property of the parabola, 
cot U=2MD/p, 
cot 7, = 2MD'|p, 
. a 
so that Feo fn |= 5 ph 3 Vee < 
—(U\ _ avn z IGE CSOD 
or oe 


which agrees with the result (5) above. 


To find the corresponding ratio of the specific gravities, or 
k?/h?, we have to use equations (2) and (5) and to express / in 


terms of h and p. 
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Equation (2) gives, on the substitution in it of the value of 
cot @ contained in (5), 
Vi = Vi — ty (4VE + 16h — 30p) 
= Vk ¥ a, VIoh — 30p, 
whence we obtain, by squaring, 
kh=h—3,p Fo Vh (16h — 30p)......... (6). 


The lower sign corresponds to the angle U and the upper to 
the angle 7,, and, in order to verify the results of Archimedes, 
we have simply to show that the two values of k are equal to 
Q,9;, P,P; respectively. 


Now it is easily seen that 
Q,Q; = h/2 — MD?*/p + 2M;D?/p, 
P,P; =h/2 —MD"/p + 2M;,D"/p. 
Therefore, using the values of MD, MD’, M,D, M;D' above 
found, we have 
Hee ate P) Th , 6 RES 


P,P, = 9s tae 


50-5'V 5 


15> 2 
= 43h— fp t fpVh (16h — 30p), 


which are the values of & given in (6) above.] 
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Proposition 1. 


If two circles touch at A, and if BD, EF be parallel diameters 
in them, ADF is a straight line. 

[The proof in the text only applies to the particular case 
where the diameters are perpendicular to the radius to the 
point of contact, but it is easily adapted to the more general 
case by one small change only.] 

Let O, C be the centres of the circles, and let OC be joined 
and produced to A. Draw DH parallel to AO meeting OF 
alas & 


Then, since OH = CD=CA, 
and OF = 0A, 
we have, by subtraction, 
HF = C0 = DH. 


Therefore ZHDF=2zHFD. 
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Thus both the triangles CAD, HDF are isosceles, and the 
third angles ACD, DHF in each are equal. Therefore the 
equal angles in each are equal to one another, and 


LADC=2DFH. 
Add to each the angle CDF, and it follows that 
ZADC+2CDF=2ZCDF +2 DFH 
= (two right angles). 
Hence ADF is a straight line. 


The same proof applies if the circles touch externally * 


Proposition 2. 


Let AB be the diameter of a semicircle, and let the tangents 
to it at B and at any other point D on tt meetin T. If now DE 
be drawn perpendicular to AB, and if AT, DE meet in F, 


DF=FE. 


Produce AD to meet BY produced in H. Then the angle 
ADB in the semicircle is right; therefore the angle BDH is 
also right. And 7’B, TD are equal. 


A i= B 


Therefore Z’ is the centre of the semicircle on BH as 
diameter, which passes through D. 


Hence TET PB; 
And, since DE, HB are parallel, it follows that DF = FE. 
* Pappus assumes the result of this proposition in connexion with the 


apBnros (p. 214, ed. Hultsch), and he proves it for the case where the circles 
touch externally (p. 840). 
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Proposition S. 


Let P be any point on a segment of a circle whose base is 
AB, and let PN be perpendicular to AB. Take D on AB so 
that AN=ND, If now PQ be an arc equal to the arc PA, and 
BQ be joined, 


BQ,.BD shall be equal*. 


Join PA, PQ, PD, DQ. 


* The segment in the figure of the ms. appears to have been a semicircle, 
though the proposition is equally true of any segment. But the case where the 
segment is a semicircle brings the proposition into close ccnnexion with a 
proposition in Ptolemy’s heyday ovvrakis, I. 9 (p. 31, ed. Halma; cf. the repro- 
duction in Cantor’s Gesch. d. Mathematik, I. (1894), p. 389). Ptolemy’s object is 
to connect by an equation the lengths of the chord of an arc and the chord of half 
the arc. Substantially his procedure is as follows. Suppose AP, PQ to be 
equal arcs, AB the diameter through 4; and let AP, PQ, AQ, PB, QB be joined. 
Measure BD along BA equal to BQ. The perpendicular PN is now draw~, and 
it is proved that PA=PD, and AN=ND. 


Then AN=}(BA-BD)=}(BA-BQ)=}(BA-NBA?- AQ): 
And, by similar triangles, AN: AP=AP: AB. 

Therefore AP?=AB.AN 

=}(A4B-AB?— AQ?). AB. 

This gives AP in terms of AQ and the known diameter 4B. If we divide by 
AB? throughout, it is seen at once that the proposition gives a geometrical 
proof of the formula 

sin? 5 = =4(1-cosa). 

The case where the segment is a semicircle recalls also the method used by 
Archimedes at the beginning of the second part of Prop. 3 of the Measurement 
of a circle. It is there proved that, in the figure above, 

AB+BQ:AQ=BP: PA, 
or, if we divide the first two terms of the proposition by AB, 


(1+ cos a)/sin a=cot 5 . 
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Then, since the arcs PA, PQ are equal, 


PA m= PQ. 
But, since AN = ND, and the angles at WV are right, 
PA=PD. 
Therefore PQ=aR Dp: 
and ZPOD =Z PDO: 


Now, since A, P, Q, B are concyclic, 
ZPAD+2Z PQB = (two right angles), 
whence ZPDA+2Z PQB = (two right angles) 
=/ PDA +2 PDB. 


Therefore LPOR=aLLIDB: 
and, since the parts, the angles PQD, PDQ, are equal, 
ABOD = ABO, 
and BG=BD, 


Proposition 4. 


If AB be the diameter of a semicircle and N any point on AB, 
and if semicircles be described within the first semicircle and 
having AN, BN as diameters respectively, the figure included 
between the circumferences of the three semicircles is “what 
Archimedes called an dpBnros*” ; and its area is equal to the 
circle on PN as diameter, where PN is perpendicular to AB 
and meets the original semicircle in P. 


For AB’ =AN’+NB’?+2AN.NB 
= AN’ + NB’+2PN’. 


But circles (or semicircles) are to one another as the squares of 
their radii (or diameters). 


* dpSndos is literally ‘a shoemaker’s knife.’ Cf. note attached to the remarks 
on the Liber Assumptorum in the Introduction, Chapter II. 
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Hence 
(semicircle on AB) =(sum of semicircles on AN, NB) 


+ 2 (semicircle on PJ). 


Pp 


A N B 


That is, the circle on PN as diameter is equal to the 
difference between the semicircle on AB and the sum of the 
semicircles on AWN, NB, i.e. is equal to the area of the adp8nros. 


Proposition 5. 


Let AB be the diameter of a semicircle, C any point on AB, 
and CD perpendicular to it, and let semicircles be described 
within the first semrcircle and having AC, CB as diameters. 
Then, f two circles be drawn touching CD on different sides 
and each touching two of the semicircles, the circles so drawn 
will be equal. 

Let one of the circles touch C.D at H, the semicircle on AB 
in F, and the semicircle on AC in G. 

Draw the diameter HH of the circle, which will accordingly 
be perpendicular to CD and therefore parallel to AB. 

Join FH, HA, and FE, EB. Then, by Prop. 1, FHA, FEB 
are both straight lines, since #'H, AB are parallel. 


For the same reason AGH, CGH are straight lines. 


Let AF produced meet CD in D, and let AE produced 
meet the outer semicircle in J. Join BI, ID. 
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Then, since the angles AFB, ACD are right, the straight 
lines AD, AB are such that the perpendiculars on each from the 
extremity of the other meet in the point #. Therefore, by the 


properties of triangles, AZ is perpendicular to the line joining 
B to D. 


But AZ is perpendicular to BI. 
Therefore B/D is a straight line. 


Now, since the angles at G, J are right, CH is parallel 
to BD. 


Therefore AB: BG=AD:DH 
=AC HE, 
so that AC. CB= AB JHE. 
In like manner, if d is the diameter of the other circle, we can 
prove that AC VCB= AB a. 


Therefore d = HE, and the circles are equal*. 


* The property upon which this result depends, viz. that 
AB: BC=AC: HE, 
appears as an intermediate step in a proposition of Pappus (p. 230, ed. Hultsch) 
which proves that, in the figure above, 
AB: BC=CE?: HE?®. 
The truth of the latter proposition is easily seen. For, since the angle CEH 
is a right angle, and HG is perpendicular to CH, 
CHA: HH? =CG iG 
We OF 8 YD, 
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[As pointed out by an Arabian Scholiast Alkauhi, this 
proposition may be stated more generally. If, instead of one 
point C on AB, we have two points C, D, and semicircles be 
described on AC, BD as diameters, and if, instead of the 
perpendicular to AB through C, we take the radical axis of the 
two semicircles, then the circles described on different sides of 
the radical axis and each touching it as well as two of the 
semicircles are equal. The proof is similar and presents no 


difficulty. ] 


Proposition 6. 


Let AB, the diameter of a semicircle, be divided at C so that 
AC=3CB [or in any ratio]. Describe semicircles within the 
first semicircle and on AC, CB as diameters, and suppose a 
circle drawn touching all three semicircles. If GH be the 
diameter of this circle, to find the relation between GH and AB. 


Let GH be that diameter of the circle which is parallel to 
AB, and let the circle touch the semicircles on AB, AC, CB 
in D, £, F respectively. 


Join AG, GD and BH, HD. Then, by Prop. 1, AGD, BHD 
are straight lines. 


A N Cc i? B 


For a like reason AHH, BFG are straight lines, as also 
are CEG, CFH. 


Let AD meet the semicircle on AC in J, and let BD meet 
the semicircle on CB in K. Join Cl, CK meeting AL, BF 
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respectively in L, M, and let GL, HM produced meet AB in 
N, P respectively. 

Now, in the triangle AGC, the perpendiculars from A, C on 
the opposite sides meet in Z. Therefore, by the properties of 
triangles, GLI is perpendicular to AC. 

Similarly HMP is perpendicular to CB. 


Again, since the angles at J, K, D are right, CK is parallel 
to AD, and CI to BD. 


Therefore AC: CB=AL:LH 
=AN: NP, 

and BC:CA=BM: MG 
=BP: PN. 

Hence AN:NP=NP: PB, 


or AN, NP, PB are in continued proportion*. 
Now, in the case where AC = 8 CB, 
AN=% NP =} PB, 
whence BP: PN:NA:AB=4:6:9:19. 
Therefore GH = NP =-8, AB. 


And similarly GH can be found when AC: CB is equal to 
any other given ratiot. 
* This same property appears incidentally in Pappus (p. 226) as an inter- 


mediate step in the proof of the ‘‘ ancient proposition ” alluded to below. 
+ In general, if AC : CB=): 1, we have 


BP: PN: NA: AB=1:2: 2: (14+A+)), 
and GH : AB=): (1+ A+). 


It may be interesting to add the enunciation of the ‘‘ ancient proposition” 
stated by Pappus (p. 208) and proved by him after several auxiliary lemmas. 
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Proposition 7. 


If circles be circumscribed about and inscribed in a square 
the curcumscribed circle is double of the inscribed circle. 


? 


For the ratio of the circumscribed to the inscribed circle is 
equal to that of the square on the diagonal to the square itself, 
Le. to the ratio 2: 1. 


Proposition 8. 


If AB be any chord of a circle whose centre is O, and if AB 
be produced to C so that BC ts equal to the radius; if further CO 
meet the circle in D and be produced to meet the circle a second 
tueme in E, the arc AE will be equal to three times the arc BD. 


Draw the chord EF parallel to AB, and join OB, OF. 


Let an dpBndos be formed by three semicircles on AB, AC, CB as diameters, and 
let a series of circles be described, the first of which touches all three semicircles, 
while the second touches the first and two of the semicircles forming one end 
of the &pBndos, the third touches the second and the same two semicircles, and 
soon. Let the diameters of the successive circles be d,, d,, d3,... their centres 
0,, On, Oz,... and O,N,, O,N,, O3N3,... the perpendiculars from the centres on 
AB, Then it is to be proved that 
0,N,=4,, 
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Then, since the angles OEF, OFE are equal, 
ZCOF =220EF 
= 2 2 BCO, by parallels, 


= 22 BOD, since BC = BO. 
Therefore 


ZBOF=32z BOD, 
so that the arc BF is equal to three times the are BD. 


Hence the arc AE, which is equal to the arc BF, is equal to 
three times the arc BD*. 


Proposition 9. 


If in a circle two chords AB, CD which do not pass through 
the centre intersect at right angles, then 
(arc AD) + (are CB)=(are AC)+(are DB). 


Let the chords intersect at O, and draw the diameter EF 
parallel to AB intersecting CD in 
H. EF will thus bisect CD at D 


right angles in H, and F Ve aoe 
(are HD) =(are EC). 
Also EDF, ECF are semi- ee = 
circles, while 
(arc ED) = (are HA) + (are AD). 
Therefore 
(sum of ares CF, HA, AD) =(are Cc 
of a semicircle). 
And the arcs AZ, BF are equal. 
Therefore 
(arc CB) + (are AD) = (are of a semicircle). 


* This proposition gives a method of reducing the trisection of any angle, 
i.e. of any circular arc, to a problem of the kind known as veUces. Suppose that 
AE is the arc to be trisected, and that ED is the diameter through E of the circle 
of which AE isan are. In order then to find an arc equal to one-third of AE, 
we have only to draw through A a line ABC, meeting the circle again in B and 
ED produced in C, such that BC is equal to the radius of the circle. Fora 
discussion of this and other vedce:s see the Introduction, Chapter V. 
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Hence the remainder of the circumference, the sum of the 
arcs AC’, DB, is also equal to a semicircle; and the proposition 
is proved. 


Proposition 10. 


Suppose that TA, TB are two tangents to a circle, while TC 
cuts 2t. Let BD be the chord through B parallel to TC, and let 
AD meet TC in E. Then, if EH be drawn perpendicular to BD, 
at will bisect it in H. 


Let AB meet TC in F, and join BE. 


Now the angle 7'AB is equal to the angle in the alternate 
segment, 1.e. 


ZTAB=2Z ADB 
=Z AET, by parallels. 
A 
c v 
D B 


Hence the triangles HAT, AFT have one angle equal and 
another (at 7’)common. They are therefore similar, and 


PT 2 AT =AT ET. 


Therefore 
ET .TF=TA’ 
=e, 
It follows that the triangles HBT, BFT are similar. 
Therefore ZTEB=ZTBF 
= ZTAB. 


But the angle 7'#B is equal to the angle EBD, and the 
angle TAB was proved equal to the angle HDB. 
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Therefore ZEDB=2 EBD. 
And the angles at H are right angles. 
It follows that BH =HD*. 


Proposition 11. 


If two chords AB, CD in a circle intersect at right angles in 
a point O, not being the centre, then 
AO? + BO? + CO’ + DO’ = (diameter). 
Draw the diameter CH, and join AC, CB, AD, BE. 


Then the angle CAO is equal 
to the angle CEB in the same seg- 
ment, and the angles AOC, EBC , 
are right; therefore the triangles 
AOC, EBC are similar, and 


ZACO =2Z ECB. 


It follows that the subtended 
arcs, and therefore the chords AD, 
BE, are equal. DE 


* The figure of this proposition curiously recalls the figure of a problem 
given by Pappus (pp. 836-8) among his lemmas to the first Book of the treatise 
of Apollonius On Contacts (rept érapav). The problem is, Given a circle and 
two points E, F (neither of which is necessarily, as in this case, the middle 
point of the chord of the circle drawn through EF, F), to draw through E, F 
respectively two chords AD, AB having a common extremity A and such that DB 
is parallel to EF. The analysis is as follows. Suppose the problem solved, BD 
being parallel to FE. Let BT, the tangent at B, meet EF produced in T. (YL 
is not in general the pole of AB, so that TA is not generally the tangent at A.) 

Then ZLTBF= Z BDA, in the alternate segment, 

= LAET, by parallels. 
Therefore A, EH, B, T are concyclic, and 
EF.FT=AF.FB. 
But, the circle ADB and the point F being given, the rectangle AF. FB is given. 
Also EF is given. 
Hence FT is known. 


Thus, to make the construction, we have only to find the length of FT from 
the data, produce EF to T so that FT has the ascertained length, draw the 
tangent TB, and then draw BD parallel to HF. DE, BF will then meet in A on 
the circle and will be the chords required. 
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Thus 
(AO? + DO’) + (BO? + CO?) = AD? + BC? 
= BE* + BC’? 
= CE’, 


Proposition 12. 


If AB be the diameter of a semicircle, and TP, TQ the 
tangents to it from any point T, and if AQ, BP be joined 
meeting in R, then TR is perpendicular to AB. 


Let TR produced meet AB in M, and join PA, QB. 
Since the angle APB is right, 
ZPAB+2Z PBA =(a right angle) 


AB: 


Add to each side the angle &BQ, and 
ZPAB+2ZQBA = (exterior) 2 PRQ. 
But ZAPR=ZPAB, and 2TQR=Z QBA, 
in the alternate segments ; 
therefore ZTPR+2Z7TQR=2PRY. 
It follows from this that TP =7Q=TR. 
[For, if PT’ be produced to O so that TO = TQ, we have 
ZTOQVH=ZTQ0. 
And, by hypothesis, 2 PRQ=ZTPR+T7QR. 
By addition, 2 POQ+ 2 PRQ=ZTPR+ OQR. 
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It follows that, in the quadrilateral OPRQ, the opposite 
angles are together equal to two right angles. Therefore a 
circle will go round OPQR, and T is its centre, because 


TP=TO=TQ. Therefore TR=TP.] 
Thus ZTRP=ZTPR=2 PAM. 
Adding to each the angle PRM, 
£PAM+2PRM=ZTRP+2 PRM 
= (two right angles). 
Therefore 24APR+2ZAMR=(two right angles), 
whence Z AMR =(a right angle)*. 


Proposition 138. 


If a diameter AB of a circle meet any chord CD, not a 
diameter, in E, and if AM, BN be drawn perpendicular to CD, 
then 

CN = DM t. 

Let O be the centre of the 
circle, and OH perpendicular to 
CD. Join BM, and produce HO to 
meet BM in K. 


Then CH = HD. 
And, by parallels, 


since BO=O0OA, 
BE=KM. 
Therefore NH=HM. 
Accordingly CN = DM, 


* TM is of course the polar of the intersection of PQ, AB, as it is the line 
joining the poles of PQ, AB respectively. 

+ This proposition is of course true whether M, N lie on CD or on CD 
produced each way. Pappus proves it for the latter case in his first lemma 
(p. 788) to the second Book of Apollonius’ vevcers. 
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Proposition 14. 


Let ACB be a semicircle on AB as diameter, and let AD, 
BE be equal lengths measured along AB from A, B respectively. 
On AD, BE as diameters describe semicircles on the side towards 
C, and on DE as diameter a semicircle on the opposite side. Let 
the perpendicular to AB through O, the centre of the first semt- 

-curcle, meet the opposite semicircles in OC, F respectively. 


Then shall the area of the figure bounded by the circumferences 
of all the semicircles (“ which Archimedes calls ‘Salinon’”*) be 
equal to the area of the circle on CF as diameter ft. 


By Eucl. 1. 10, since #D is bisected at O and produced 


to A, 
EA’ + AD* =2(HO’ + 0A”), 


and CF=0A+0H=EA. 


c 


F 


* For the explanation of this name see note attached to the remarks on the 
Liber Assumptorum in the Introduction, Chapter II. On the grounds there 
given at length I believe cddwov to be simply a Graecised form of the Latin 
word salinum, ‘salt-cellar.’ 

+ Cantor (Gesch. d. Mathematik, 1. p. 285) compares this proposition 
with Hippocrates’ attempt to square the circle by means of lunes, but 
points out that the object of Archimedes may have been the converse of that 
of Hippocrates. For, whereas Hippocrates wished to find the area of a circle 
from that of other figures of the same sort, Archimedes’ intention was possibly 
to equate the area of figures bounded by different curves to that of a circle 
regarded as already known. 
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Therefore 
AB? + DE? =4(EO? + 0A’) =2 (CF? + AD"). 
But circles (and therefore semicircles) are to one another as 
the squares on their radii (or diameters). 
Therefore 
(sum of semicircles on AB, DE) 


=(circle on CF) + (sum of semicircles on AD, BE). 
Therefore 


(area of ‘salinon’) =(area of circle on CF as diam.). 


Proposition 15. 


Let AB be the diameter of a circle, AC a side of an in- 
scribed regular pentagon, D the middle point of the arc AC. 
Join CD and produce it to meet BA produced in E; join AC, 
DB meeting in F, and draw FM perpendicular to AB. Then 


EM = (radius of circle)*. 


Let O be the centre of the circle, and join DA, DM, DO, 
CB. 


Now Z ABC =2 (right angle), 
and ZABD=2 DBC =} (right angle), 
whence Z AOD = 2 (right angle). 


* Pappus gives (p. 418) a proposition almost identical with this among the 
lemmas required for the comparison of the five regular polyhedra, His enunci- 
ation is substantially as follows. If DH be half the side of a pentagon inscribed 
in a circle, while DH is perpendicular to the radius OHA, and if HM be made 
equal to AH, then OA is divided at M in extreme and mean ratio, OM being the 
greater segment. 


In the course of the proof it is first shown that 4D, DM, MO are all equal, 
as in the proposition above. 


Then, the triangles ODA, DAM being similar, 
OA:AD=AD: AM, 
or (since AD = OM) OA: OM=OM: MA, 
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Further, the triangles FOB, FMB are equal in all respects. 


Therefore, in the triangles DCB, DMB, the sides CB, MB 
being equal and BD common, while the angles CBD, MBD are 
equal, 


£BCD=2 BMD =§ (right angle). 


But 2 BCD+2Z BAD = (two right angles) 
=ZBAD+ZDAE 
=ZBMD+2DMA, 

so that ZDAE=2Zz BCD, 
and ¢ £BAD=Z AMD. 

Therefore AD= MD. 


Now, in the triangle DMO, 
Z MOD =2 (right angle), 
Z DMO =§ (right angle). 
Therefore ZODM=2(right angle) = AOD; 


whence OM = MD. 
Again Z EDA =(supplement of ADC) 
=ZCBA 


= 2 (right angle) 


=ZODM. 
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Therefore, in the triangles EDA, ODM, 
ZEDA=2Z ODM, 
ZEAD=2ZOMD, 
and the sides AD, MD are equal. 
Hence the triangles are equal in all respects, and 
EA = MO. 
Therefore EM=4A0. 


Moreover DE = DO; and it follows that, since DE is equal 
to the side of an inscribed hexagon, and DC is the side of an 
inscribed decagon, HC is divided at D in extreme and mean 
ratio [ie. HC: HD=ED: DC]; “and this is proved in the 
book of the Elements.” [Eucl. x1. 9, “If the side of the 
hexagon and the side of the decagon inscribed in the same 
circle be put together, the whole straight line is divided in 
extreme and mean ratio, and the greater segment is the 
side of the hexagon.” ] 


THE CATTLE-PROBLEM. 


IT is required to find the number of bulls and cows of each 
of four colours, or to find 8 unknown quantities. The first 
part of the problem connects the unknowns by seven simple 
equations ; and the second part adds two more conditions to 
which the unknowns must be subject. 


Let W, w be the numbers of white bulls and cows respectively, 


A,@ % “ black y 5 , 
ray tn agus yellow 5 > . 
A, 2 5 emeaappled: “srs; é i: 
First part. 
(I) Wie Ee) Aid eer. fen eeree ine ee (a), 
OTA A) At iar dines ergs est are. (8), 
BNE) WoW vac ssabcossstnereses +: (y), 
(II) aie (h + t) (A Aa) esters Travseeenes (8), 
@ = (PAA) (ZA S) cree rencsescessones (e), 
Game CP PE) iia Ree eee noses (f), 
Y (EF) CW A ah) 50002 ccts ce eneee es (7). 
Second part. 
WU ASX) = BQUALO oy clon asco noi cine s outa nee (9), 


Y+Z=a triangular number............... (t). 


320 ARCHIMEDES 


[There is an ambiguity in the language which expresses the 
condition (@). Literally the lines mean ‘“‘ When the white bulls 
joined in number with the black, they stood firm (&u7redov) 
with depth and breadth of equal measurement (écoperpou eis 
BaOos eis evpos Te); and the plains of Thrinakia, far-stretching 
all ways, were filled with their multitude” (reading, with 
Krumbiegel, 7A7Oous instead of wAivOov). Considering that, if 
the bulls were packed together so as to form a square figure, 
the number of them need not be a square number, since a bull 
is longer than it is broad, it is clear that one possible interpre- 
tation would be to take the ‘square’ to be a square figure, and 
to understand condition (@) to be simply 

W + X =a rectangle (i.e. a product of two factors). 

The problem may therefore be stated in two forms: 

(1) the simpler one in which, for the condition (@), there is 
substituted the mere requirement that 

| W+X =a product of two whole numbers; 

(2) the complete problem in which all the conditions have to 
be satisfied including the requirement (@) that 
W + X =a square number. 

The simpler problem was solved by Jul. Fr. Wurm and may 

be called 


Wurm/’s Problem. 


The solution of this is given (together with a discussion of 
the complete problem) by Amthor in the Zeztschrift fiir Math. 
u. Physik (Hist. litt. Abthetlung), XXv. (1880), p. 156 sqq. 


Multiply (a) by 336, (8) by 280, (y) by 126, and add; thus 
297 W = 742Y,or 3°. 11W =2.7.53Y.......2.(@). 
Then from (vy) and (8) we obtain 
891Z=1580Y, or 3°.11Z=2°.5.79Y.......(B’, 
and OOX = 148 Y, “ors X= 2 89 ro nee )s 


Again, if we multiply (6) by 4800, (e) by 2800, (£) by 1260, 
(n) by 462, and add, we obtain 


4657w = 2800.X + 1260Z + 462Y +143 ; 
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and, by means of the values in (a’), (8’), (y’), we derive 


297. 4657w = 2402120Y, 


or Sell 4657 = 2.0.7 23.808). =O), 
Hence, by means of (7), (£), (e), we have 

3d). 465747 = 13). 46489 V, 5.0.5. coer hie: (e’), 

3, 40902 = 25nd SEP LOUM, (ais. vex: (&’), 

and oO LISA6S Ta = 2517515991 V ciacec sos (7’). 


And, since all the unknowns must be whole numbers, we see 
from the equations (a’), ((’), ... (7’) that Y must be divisible by 
3*.11.4657, 1.e. we may put 


Y = 3*.11.4657n = 4149887n. 


Therefore the equations (a’), (9’),...(n’) give the following values 
for all the unknowns in terms of n, viz. 


W=2.3.7.53.4657n =10366482n 


X =2.3°.89.4657n___= 7460514n 
Y = 3*.11.4657n = 4149387" 
Z=2.5.79.4657n = 7358060n\ Oe 
w =2.3.¥.7.23.373n = 7206360n 
2 =2.37.17.15991n = 4893246n 
y = 3?.13.46489n = 54392130 


2=2?.3.5.7.14-761n= 3515820n 


If now n = 1, the numbers are the smallest which will satisfy 
the seven equations (a), (8),...(7); and we have next to find 
such an integral value for n that the equation («) will be 
satisfied also. [The modified equation (@) requiring that W+ X 
must be a product of two factors is then simultaneously 
satisfied. ] 


Equation (c) requires that 
Vege 
3) ? 


where q is some positive integer. 
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Putting for Y, Z their values as above ascertained, we have 
a) = (3.11 -+27.5.79). 4657n 


= 2471. 4657n 
= 7.353. 4657n. 


Now q is either even or odd, so that either q= 2s, or 
g=2s—1, and the equation becomes 


s (28 +1)=7.353 . 4657n. 


As n need not be a prime number, we suppose n = wu. v, where 
u is the factor in n which divides s without a remainder and v 
the factor which divides 2s + 1 without a remainder; we then 
have the following sixteen alternative pairs of simultaneous 
equations : 


(1) s= u, %8+1=7.353. 4657», 
(2) s= Tu, %+1= 358.4657, 
(3) $= 353u, %+1= 7.46570, 
(4) $= 4657u, 2+1= 7.353, 
(5) $= 1.9084, ~23+1= 46570, 
(6) = 7.4657u, 2%s+1= 3530, 
(7) s= .353.4657u, %+1= 72, 
(8) e=7,)853.4657u, 241] v. 


In order to find the least value of n which satisfies all the 
conditions of the problem, we have to choose from the various 
positive integral solutions of these pairs of equations that 
particular one which gives the smallest value for the product 
uv or n. 


If we solve the various pairs and compare the results, we 
find that it is the pair of equations 


s=Tu, 2s—1=353. 4657», 
which leads to the solution we want; this solution is then 
u=117423, v=1, 
so that n = uw = 117423 = 3°. 4349, 
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whence it follows that 


s= 14 = 821961, 


and q = 2s — 1 = 1648921. 
Thus Y + Z= 2471. 4657n 
= 2471 . 4657 . 117423 
= 1351238949081 
_ 1643921 . 1643922 
) , 


which is a triangular number, as required. 


The number in equation (@) which has to be the product of 
two integers is now 


W+X =2.3.(7.534 3.89). 4657n 
= 2?.3.11.29.4657n 
= 2?.3.11.29.4657 . 117423 
= 2?. 3*.11.29. 4657 . 4349 
= (2’. 3*. 4349). (11.29. 4657) 
~ 1409076. 1485583, 


which is a rectangular number with nearly equal factors. 


The solution is then as follows (substituting for n its value 


117423): 

W = 1217263415886 

X= 876035935422 

Y= 487233469701 

— 864005479380 

w= 846192410280 

a= 574579625058 

y= 638688708099 

z= 412838131860 

and the sum = 5916837175686 
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The complete problem. 


In this case the seven original equations (a), (9),...(7) have 
to be satisfied, and the following further conditions must hold, 


W + X =a square number = p’, say, 
Y + Z=a triangular number = a say. 


Using the values found above (A), we have in the first place 
p =2.3.(7.53 4+ 3.89). 4657n 
= 2?.3.11.29. 4657n, 
and this equation will be satisfied if 
n=3.11.29. 46578 = 4456749€", 
where & is any integer. 


Thus the first 8 equations (a), (8),...(n), (@) are satisfied by 
the following values : 


W=2.3°.7.11.29.,53.. 4657°. & = 46200808287018 . &? 
X=2.3°.11.29.89. 4657*-£* = 33249638308986 . &° 
Vers sll? 29. 46577. 2" = 18492776362863 . 
Z=2.3.5.11.29.79. 4657". & = 32793026546940. &? 


w= 2°, 3°.5.7.11. 23.29.3873. 4657. &* = 32116937723640. £? 
@=2.3°.11.17.29.15991. 4657.2" =21807969217254 22 
y = 3.11.18. 29. 46489 . 4657 . &° = 24241207098537 . &? 
z= 2’.3'.5.7.11?. 29.761. 4657.& =15669127269180. 


It remains to determine & so that equation (v) may be 
satisfied, i.e. so that 


yea 
eae 
Substituting the ascertained values of Y, Z, we have 
1 
wv = 51285802909803. £2 


=3.7.11.29.353.4657°. &°. 


THE CATTLE-PROBLEM. 325 
Multiply by 8, and put 
Sp +l=t, 2.4657.2 =u, 
and we have the “ Pellian” equation 
Cae 2.3°7.11.29.353..u°, 
that is,  — 4729494 uw? = 1. 


Of the solutions of this equation the smallest has to be 
chosen for which w is divisible by 2. 4657. 


When this is done, 
U ; 
Ee 2.4657 and is a whole number; 
whence, by substitution of the value of £& so found in the last 


system of equations, we should arrive at the solution of the 
complete problem. 


It would require too much space to enter on the solution of 
the “ Pellian” equation 
t— 4729494 uw? = 1, 


and the curious reader is referred to Amthor’s paper itself. 


Suffice it to say that he develops V4729494 in the form of a 
continued fraction as far as the period which occurs after 91 
convergents, and, after an arduous piece of work, arrives at the 
conclusion that 


W = 1598 206541), 


where <206541> represents the fact that there are 206541 more 
digits to follow, and that, with the same notation, 


the whole number of cattle = 7766 <206541>. 


One may well be excused for doubting whether Archimedes 
solved the complete problem, having regard to the enormous 
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size of the numbers and the great difficulties inherent in the 
work. By way of giving an idea of the space which would be 
required for merely writing down the results when obtained, 
Amthor remarks that the large seven-figured logarithmic tables 
contain on one page 50 lines with 50 figures or so in each, say 
altogether 2500 figures; therefore one of the eight unknown 
quantities would, when found, occupy 824 such pages, and to 
write down all the eight numbers would require a volume of 


660 pages !] 


THE 
METHOD OF ARCHIMEDES 
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INTRODUCTORY NOTE 


_ From the point of view of the student of Greek mathematics 
there has been, in recent years, no event comparable in interest 
with the discovery by Heiberg in 1906 of a Greek MS. containing, 
among other works of Archimedes, substantially the whole of a 
treatise which was formerly thought to be irretrievably lost. 

The full description of the MS. as given in the preface to Vol. 1. 
(1910) of the new edition of Heiberg’s text of Archimedes now in 
course of publication is— 

Codex rescriptus Metochii Constantinopolitani 8. Sepulchri 
monasterii Hierosolymitani 355, 4to. 

Heiberg has told the story of his discovery of this MS. and 
given a full description of it*. His attention having been called 
to a notice in Vol. 1v. (1899) of the ‘lepocoAvputixy BiBrvobyxy of 
Papadopulos Kerameus relating to a palimpsest of mathematical 
content, he at once inferred from a few specimen lines which were 
quoted that the MS. must contain something by Archimedes. As 
the result of inspection, at Constantinople, of the MS. itself, and 
by means of a photograph taken of it, he was able to see what it 
contained and to decipher much of the contents. This was in the 
year 1906, and he inspected the MS. once more in 1908. With 
the exception of the last leaves, 178 to 185, which are of paper 
of the 16th century, the MS. is of parchment and contains writings 
of Archimedes copied in a good hand of the 10th centucy, in two 
columns. An attempt was made (fortunately with only partial 
success) to wash out the old writing, and then the parchment was 
used again, for the purpose of writing a Euchologion thereon, in the 
12th—13th or 13th—14th centuries. The earlier writing appears 
with more or less clearness on most of the 177 leaves; only 29 
leaves are destitute of any trace of such writing; from 9 more 
it was hopelessly washed off; on a few more leaves only a few 
words can be made out; and again some 14 leaves have old writing 


* Hermes xu, 1907, pp. 235 sq. 


‘ 
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upon them in a different hand and with no division into columns. 
All the rest is tolerably legible with the aid of a magnifying glass. 
Of the treatises of Archimedes which are found in other MSS., the 
new MS. contains, in great part, the books On the Sphere and 
Cylinder, almost the whole of the work On Spirals, and some parts 
of the Measurement of a Circle and of the books On the Equalibrowm 
of Planes. But the important fact is that it contains (1) a con- 
siderable proportion of the work On Floating Bodies which was 
formerly supposed to be lost so far as the Greek text is concerned 
and only to have survived in the translation by Wilhelm von 
Morbeke, and (2), most precious of all, the greater part of the 
book called, according to its own heading, "Edodos and elsewhere, 
alternatively, Egodiov or "Edodixov, meaning Method. The portion 
of this latter work contained in the MS. has already been published 
by Heiberg (1) in Greek* and (2) in a German translation with 
commentary by Zeuthent. The treatise was formerly only known 
by an allusion to it-in Suidas, who says that Theodosius wrote a 
commentary upon it; but the Metrica of Heron, newly discovered 
by R. Schone and published in 1903, quotes three propositions from 
itt, including the two main propositions enunciated by Archimedes 
at the beginning as theorems novel in character which the method 
furnished a means of investigating. Lastly the MS. contains two 
short propositions, in addition to the preface, of a work called 
Stomachion (as it might be “ Neck-Spiel” or “ Qual-Geist”) which 
treated of a sort of Chinese puzzle known afterwards by the name 
of “loculus Archimedius” ; it thus turns out that this puzzle, which 
Heiberg was formerly disinclined to attribute to Archimedes§, is 
really genuine. 

The Method, so happily recovered, is of the greatest interest for 
the following reason. Nothing is more characteristic of the classical 
works of the great geometers of Greece, or more tantalising, than 
the absence of any indication of the steps by which they worked 
their way to the discovery of their great theorems. As they have 
come down to us, these theorems are finished masterpieces which 
leave no traces of any rough-hewn stage, no hint of the method 
by which they were evolved. We cannot but suppose that the 


* Hermes xut1. 1907, pp. 2483—297. 

+ Bibliotheca Mathematica vu3, 1906-7, pp. 321—363. 

} Heronis Alexandrini opera, Vol. 111. 1903, pp. 80, 17; 130, 15; 130, 25. 
§ Vide The Works of Archimedes, p. xxii. 
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Greeks had some method or methods of analysis hardly less powerful 
than those of modern analysis; yet, in general, they seem to have 
taken pains to clear away all traces of the machinery used and all 
the litter, so to speak, resulting from tentative efforts, before they 
permitted themselves to publish, in sequence carefully thought out, 
and with definitive and rigorously scientific proofs, the results 
obtained. A partial exception is now furnished by the Method; for 
here we have a sort of lifting of the veil, a glimpse of the interior 
of Archimedes’ workshop as it were. He tells us how he discovered 
certain theorems in quadrature and cubature, and he is at the same 
time careful to insist on the difference between (1) the means which 
may be sufficient to suggest the truth of theorems, although not 
furnishing scientific proofs of them, and (2) the rigorous demonstra- 
tions of them by irrefragable geometrical methods which must follow 
before they can be finally accepted as established ; to use Archi- 
medes’ own terms, the former enable theorems to be investigated 
(Gewpety) but not to be proved (arodexvivar). The mechanical 
method, then, used in our treatise and shown to be so useful for 
the discovery of theorems is distinctly said to be incapable of 
furnishing proofs of them; and Archimedes promises to add, as 
regards the two main theorems enunciated at the beginning, the 
necessary supplement in the shape of the formal geometrical proof. 
One of the two geometrical proofs is lost, but fragments of the other 
are contained in the MS. which are sufficient to show that the 
method was the orthodox method of exhaustion in the form in 
which Archimedes applies it elsewhere, and to enable the proof to 
be reconstructed. 

The rest of this note will be best understood after the treatise 
itself has been read; but the essential features of the mechanical 
method employed by Archimedes are these. Suppose XY to be a 
plane or solid figure, the area or content of which has to be found. 
The method is to weigh infinitesimal elements of XY (with or without 
the addition of the corresponding elements of another figure () 
against the corresponding elements of a figure B, b and C being 
such figures that their areas or volumes, and the position of the 
centre of gravity of B, are known beforehand. For this purpose 
the figures are first placed in such a position that they have, as 
common diameter or axis, one and the same straight line; if then 
the infinitesimal elements are sections of the figures made by parallel 
planes perpendicular (in general) to the axis and cutting the figures, 


‘ 
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the centres of gravity of all the elements lie at one point or other 
on the common diameter or axis. This diameter or axis is produced 
and is imagined to be the bar or lever of a balance. It is sufficient 
to take the simple case where the elements of X alone are weighed 
against the elements of another figure B. The elements which cor- 
respond to one another are the sections of X and B respectively by 
any one plane perpendicular (in general) to the diameter or axis 
and cutting both figures; the elements are spoken of as straight 
lines in the case of plane figures and as plane areas in the case of 
solid figures. Although Archimedes calls the elements straight lines 
and plane areas respectively, they are of course, in the first case, 
indefinitely narrow strips (areas) and, in the second case, indefinitely 
thin plane laminae (solids); but the breadth or thickness (dz, as 
we might call it) does not enter into the calculation because it is 
regarded as the same in each of the two corresponding elements 
which are separately weighed against each other, and therefore 
divides out. The number of the elements in each figure is in- 
finite, but Archimedes has no need to say this; he merely says 
that X and B are made up of ail the elements in them respectively, 
ie. of the straight lines in the case of areas and of the plane areas 
in the case of solids. 

The object of Archimedes is so to arrange the balancing of the 
elements that the elements of X are all applied at one point of 
the lever, while the elements of B operate at different points, 
namely where they actually are in the first instance. He con- 
trives therefore to move the elements of X away from their first 
position and to concentrate them at one point on the lever, while 
the elements of B are left where they are, and so operate at their 
respective centres of gravity. Since the centre of gravity of B as 
a whole is known, as well as its area or volume, it may then be 
supposed to act as one mass applied at its centre of gravity; and 
consequently, taking the whole bodies X and ‘B as ultimately placed 
respectively, we know the distances of the two centres of gravity 
from the fulcrum or point of suspension of the lever, and also the 
area or volume of 4. Hence the area or volume of X is found. 
The method may be applied, conversely, to the problem of finding 
the centre of gravity of X when its area or volume is known before- 
hand; in this case it is necessary that the elements of X, and 
therefore X itself, should be weighed in the places where they are, 
and that the figures the elements of which are moved to one single 
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point of the lever, to be weighed there, should be other figures and 
not X. 

The method will be seen to be, not integration, as certain 
geometrical proofs in the great treatises actually are, but a clever 
device for avoiding the particular integration which would naturally 
be used to find directly the area or volume required, and making 
the solution depend, instead, upon another integration the result of 
which is already known. Archimedes deals with moments about 
the point of suspension of the lever, i.e. the products of the ele- 
ments of area or volume into the distances between the point of 
suspension of the lever and the centres of gravity of the elements 
respectively ; and, as we said above, while these distances are 
different for all the elements of B, he contrives, by moving the 
elements of Y, to make them the same for all the elements of X 
in their final position. He assumes, as known, the fact that the 
sum of the inoments of each particle of the figure B acting at 
the point where it is placed is equal to the moment of the whole 
figure applied as one mass at one point, its centre of gravity. 

Suppose now that the element of X is w.da, u being the length 
or area of a section of X by one of a whole series of parallel planes 
cutting the lever at right angles, x being measured along the lever 
(which is the common axis of the two figures) from the point of 
suspension of the lever as origin. This element is then supposed 
to be placed on the levér at a constant distance, say a, from the 
origin and on the opposite side of it from B. If wu’. dx is the cor- 
responding element of 4 cut off by the same plane and z its distance 
from the origin, Archimedes’ argument establishes the equation 


k k 
af nde = | ww dx. 
h h 


Now the second integral is known because the area or volume of 
the figure B (say a triangle, a pyramid, a prism, a sphere, a cone, 
or a cylinder) is known, and it can be supposed to be applied as 
one mass at its centre of gravity, which is also known; the integral 
is equal to bU, where 6 is the distance of the centre of gravity from 
the point of suspension of the lever, and U is the area or content 


of B. Hence 
bU 


the area or volume of X = —. 
a 


In the case where the elements of X are weighed along with the 
corresponding elements of another figure C’ against corresponding 


‘ 
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elements of B, we have, if v be the element of C, and V its area 


or content, 
k k k 
af ude +a | vde= | au'dx 
h h h 


and (area or volume of X + V)a=0bU. 


In the particular problems dealt with in the treatise h is always 
= 0, and & is often, but not always, equal to a. 

Our admiration of the genius of the greatest mathematician of 
antiquity must surely be increased, if that were possible, by a 
perusal of the work before us. Mathematicians will doubtless 
agree that it is astounding that Archimedes, writing (say) about 
250 B.c., should have been able to solve such problems as those of 
finding the volume and the centre of gravity of any segment of a 
sphere, and the centre of gravity of a semicircle, by a method so 
simple, a method too (be it observed) which would be quite rigorous 
enough for us to-day, although it did not satisfy Archimedes himself. 

Apart from the mathematical content of the book, it is in- 
teresting, not only for Archimedes’ explanations of the course which 
his investigations took, but also for the allusion to Democritus as 
the discoverer of the theorem that the volumes of a pyramid and 
a cone are one-third of the volumes of a prism and a cylinder 
respectively which have the same base and equal height. These 
propositions had always been supposed to be due to Eudoxus, and 
indeed Archimedes himself has a statement to this effect*. It 
now appears that, though Eudoxus was the first to prove them 
scientifically, Democritus was the first to assert their truth. I have 
elsewhere t made a suggestion as to the probable course of Democritus’ 
argument, which, on Archimedes’ view, did not amount to a proof 
of the propositions; but it may be well to re-state it here. Plutarch, 
in a well-known passage }{, speaks of Democritus as having raised the 
following question in natural philosophy (dvarkds) : “if a cone were 
cut by a plane parallel to the base [by which is clearly meant a 
plane indefinitely near to the base], what must we think of the 
surfaces of the sections? Are they equal or unequal? For, if they 
are unequal, they will make the cone irregular, as having many 
indentations, like steps, and unevennesses ; but, if they are equal, 
the sections will be equal, and the cone will appear to have the 
property of the cylinder and to be made up of equal, not unequal, 

* On the Sphere and Cylinder, Preface to Book 1. 


+ The Thirteen Books of Huclid’s Elements, Vol. 111. p. 368. 
+ Plutarch, De Comm. Not. adv. Stoicos xxx1x, 3. 
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circles, which is very absurd.” The phrase “made up of equal... 
circles” (& iowv cvyketjpevos...xvkAwv) shows that Democritus already 
had the idea of a solid being the sum of an infinite number of 
parallel planes, or indefinitely thin laminae, indefinitely near to- 
gether: a most important anticipation of the same thought which 
led to such fruitful results in Archimedes. If then we may make 
a conjecture as to Democritus’ argument with regard to a pyramid, 
it seems probable that he would notice that, if two pyramids of the 
same height and with equal triangular bases are respectively cut by 
planes parallel to the base and dividing the heights in the same 
ratio, the corresponding sections of the two pyramids are equal, 
whence he would infer that the pyramids are equal because they 
are the sums of the same infinite numbers of equal plane sections 
or indefinitely thin laminae. (This would be a particular anti- 
cipation of Cavalieri’s proposition that the areal or solid contents 
of two figures are equal if two sections of them taken at the same 
height, whatever the height may be, always give equal straight lines 
or equal surfaces respectively.) And Democritus would of course 
see that the three pyramids into which a prism on the same base 
and of equal height with the original pyramid is divided (as in 
Eucl. xu. 7) satisfy, in pairs, this test of equality, so that the 
pyramid would be one third part of the prism. The extension to 
a pyramid with a polygonal base would be easy. And Democritus 
may have stated the préposition for the cone (of course without an 
absolute proof) as a natural inference from the result of increasing 
indefinitely the number of sides in a regular polygon forming the 
base of a pyramid. 

In accordance with the plan adopted in The Works of Archimedes, 
I have marked by inverted commas the passages which, on account 
of their importance, historically or otherwise, I have translated 
literally from the Greek; the rest of the tract is reproduced in 
modern notation and phraseology. Words and sentences in square 
brackets represent for the most part Heiberg’s conjectural restoration 
(in his German translation) of what may be supposed to have been 
written in the places where the MS. is illegible; in a few cases 
where the gap is considerable a note in brackets indicates what the 
missing passage presumably contained and, so far as necessary, how 
the deficiency may be made good. 

Soe Fe & 


7 June 1912. 


THE METHOD OF ARCHIMEDES TREATING 
OF MECHANICAL PROBLEMS— 
TO ERATOSTHENES 


“Archimedes to Eratosthenes greeting. 


I sent you on a former occasion some of the theorems 
discovered by me, merely writing out the enunciations and 
inviting you to discover the proofs, which at the moment 
I did not give. The enunciations of the theorems which I 
sent were as follows. 


1. If in a right prism with a parallelogrammic base a 
cylinder be inscribed which has its bases in the opposite 
parallelograms*, and its sides [ie. four generators] on the 
remaining planes (faces) of the prism, and if through the 
centre of the circle which is the base of the cylinder and 
(through) one side of the square in the plane opposite to 
it a plane be drawn, the plane so drawn will cut off from 
the cylinder a segment which is bounded by two planes 
and the surface of the cylinder, one of the two planes being 
the plane which has been drawn and the other the plane 
in which the base of the cylinder is, and the surface being 
that which is between the said planes; and the segment cut 
off from the cylinder is one sixth part of the whole prism. 


2. If in a cube a cylinder be inscribed which has its 
bases in the opposite parallelograms+ and touches with its 
surface the remaining four planes (faces), and if there also 
be inscribed in the same cube another cylinder which has 
its bases in other parallelograms and touches with its surface 
the remaining four planes (faces), then the figure bounded 
by the surfaces of the cylinders, which is within both cylinders, 
is two-thirds of the whole cube. 

Now these theorems differ in character from those commu- 
nicated before; for we compared the figures then in question, 


* The parallelograms are apparently squares. + ie. squares, 
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conoids and spheroids and segments of them, in respect of size, 
with figures of cones and cylinders: but none of those figures 
have yet been found to be equal to a solid figure bounded by 
planes; whereas each of the present figures bounded by two 
planes and surfaces of cylinders is found to be equal to one of 
the solid figures which are bounded by planes. The proofs then 
of these theorems I have written in this book and now send 
to you. Seeing moreover in you, as I say, an earnest student, 
a man of considerable eminence in philosophy, and an admirer 
[of mathematical inquiry], I thought fit to write out for you 
and explain in detail in the same book the peculiarity of a 
certain method, by which it will be possible for you to get 
a start to enable you to investigate some of the problems in 
mathematics by means of mechanics. This procedure is, I am 
persuaded, no less useful even for the proof of the theorems 
themselves ; for certain things first became clear to me by a 
mechanical method, although they had to be demonstrated by 
geometry afterwards because their investigation by the said 
method did not furnish an actual demonstration. But it is of 
course easier, when we have previously acquired, by the method, 
some knowledge of the questions, to supply the proof than 
it is to find it without any previous knowledge. This is a 
reason why, in the case of the theorems the proof of which 
Eudoxus was the first to discover, namely that the cone is 
a third part of the cylinder, and the pyramid of the prism, 
having the same base and equal height, we should give no 
small share of the credit to Democritus who was the first 
to make the assertion with regard to the said figure* though 
he did not prove it. I am myself in the position of having 
first made the discovery of the theorem now to be published 
[by the method indicated], and I deem it necessary to expound 
the method partly because I have already spoken of itt and 
I do not want to be thought to have uttered vain words, but 


* mept rod elpnuévov oxhuaros, in the singular. Possibly Archimedes may 
have thought of the case of the pyramid as being the more fundamental and as 
really involving that of the cone. Or perhaps ‘‘ figure” may be intended for 
‘* type of figure.” 

+ Of. Preface to Quadrature of Parabola. 
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equally because I am persuaded that it will be of no little 
service to mathematics; for I apprehend that some, either of 
my contemporaries or of my successors, will, by means of the 
method when once established, be able to .discover other 
theorems in addition, which have not yet occurred to me. 


First then I will set out the very first theorem which 
became known to me by means of mechanics, namely that 


Any segment of a section of a right-angled cone (1.e.a parabola) 
is four-thirds of the triangle which has the same base and equal 
height, 
and after this I will give each of the other theorems investi- 
gated by the same method. Then, at the end of the book, 
I will give the geometrical [proofs of the propositions]... 

[I premise the following propositions which I shall use 
in the course of the work.] 

1. If from [one magnitude another magnitude be sub- 
tracted which has not the same centre of gravity, the centre 
of gravity of the remainder is found by] producing [the 
straight line joining the centres of gravity of the whole 
magnitude and of the subtracted part in the direction of 
the centre of gravity of the whole] and cutting off from it 
a length which has to the distance between the said centres 
of gravity the ratio which the weight of the subtracted 
magnitude has to the weight of the remainder. 

[On the Equilibrium of Planes, 1. 8] 

2. If the centres of gravity of any number of magnitudes 
whatever be on the same straight line, the centre of gravity 
of the magnitude made up of all of them will be on the same 


straight line. "(ECE Zbid. 1.5] 
3. The centre of gravity of any straight line is the point 
of bisection of the straight line. [Cf [bid. 1. 4] 


4. The centre of gravity of any triangle is the point in 
which the straight lines drawn from the angular points of 
the triangle to the middle points of the (opposite) sides cut 
one another. [Lbid. 1. 13, 14] 

5. The centre of gravity of any parallelogram is the point 
in which the diagonals meet. [Lbid. 1. 10] 
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6. The centre of gravity of a circle is the point which is 
also the centre [of the circle]. 

7. The centre of gravity of any cylinder is the point of 
bisection of the axis. 

8. The centre of gravity of any cone is [the point which 
divides its axis so that] the portion [adjacent to the vertex is] 
triple [of the portion adjacent to the base]. 

[All these propositions have already been] proved*. [Besides 
these I require also the following proposition, which is easily 
proved : 

If in two series of magnitudes those of the first series are, 
in order, proportional to those of the second series and further] 
the magnitudes [of the first series], either all or some of them, 
are in any ratio whatever [to those of a third series], and if the 
magnitudes of the second series are in the same ratio to the 
corresponding magnitudes [of a fourth series], then the sum 
of the magnitudes of the first series has to the sum of the 
selected magnitudes of the third series the same ratio which 
the sum of the magnitudes of the second series has to the 
sum of the (correspondingly) selected magnitudes of the fourth 
series. [On Conoids and Spheroids, Prop. 1.]” 


é 


Proposition 1. 


Let ABC be a segment of a parabola bounded by the 
straight line AC and the parabola ABC, and let D be the 
middle point of AC. Draw the straight line DBE parallel 
to the axis of the parabola and join AB, BC. 

Then shall the segment ABC be 4 of the triangle ABC. 

From A draw AKF parallel to DE, and let the tangent 
to the parabola at C meet DBE in HE and AKF in F. Produce 
CB to meet AF in K, and again produce CK to H, making 
KH equal to CK. 


* The problem of finding the centre of gravity of a cone is not solved in 
any extant work of Archimedes. It may have been solved either in a separate 
treatise, such as the rep! {vyév, which is lost, or perbaps in a larger mechanical 
work of which the extant books On the Equilibrium of Planes formed only a part. 
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Consider CH as the bar of a balance, K being its middle 
point. 

Let MO be any straight line parallel to ED, and let it meet 
CF, CK, AC in M, N, O and the curve in P. 


Now, since CH is a tangent to the parabola and CD the 
semi-ordinate, 
EB=BD,; 
“for this is proved in the Elements [of Conics]*.” 
Since F'A, MO are parallel to ED, it follows that 
FK=KA, MN=WNO. 
Now, by the property of the parabola, “ proved in a lemma,” 
MO:OP=CA: AO [Cf. Quadrature of Parabola, Prop. 5] 
=COK: KN [Eucl. vi. 2] 
= AK: KN, 


ore 


Take a straight line 7G equal to OP, and place it with its 
centre of gravity at H, so that 7H = HG; then, since WN is the 
centre of gravity of the straight line MO, 


and MO:TG=HK: KN, 


* ie. the works on conics by Aristaeus and Euclid. Of. the similar 
expression in On Conoids and Spheroids, Prop. 3, and Quadrature of Parabola, 
Prop. 3. 
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it follows that 7G at H and MO at N will be in equilibrium 
about K. [On the Equilibrium of Planes, 1. 6, 7] 


Similarly, for all other straight lines parallel to DE and 
meeting the arc of the parabola, (1) the portion intercepted 
between FO, AC with its middle point on KC and (2) a 
length equal to the intercept between the curve and AC 
placed with its centre of gravity at H will be in equilibrium 
about K. 


Therefore K is the centre of gravity of the whole system 
consisting (1) of all the straight lines as MO intercepted between 
FC, AC and placed as they actually are in the figure and (2) of 
all the straight lines placed at H equal to the straight lines 
as PO intercepted between the curve and AC. 


And, since the triangle CFA is made up of all the parallel 
lines like MO, 


and the segment CBA is made up of all the straight lines like 
PO within the curve, 


it follows that the triangle, placed where it is in the figure, is 
in equilibrium about K with the segment CBA placed with its 
centre of gravity at H. 

Divide KC at W so that CK =3KW; 


then W is the centre of gravity of the triangle ACF’, “ for this 
is proved in the books on equilibrium ” (év tots tcoppomuxots). 


[Cf. On the Equilibrium of Planes 1. 15] 
Therefore A ACF: (segment ABC) = HK : KW 


=3:1. 
Therefore segment ABC=1A ACF. 
But A ACF =4A ABC. 
Therefore segment ABC =4A ABC. 


“Now the fact here stated is not actually demonstrated 
by the argument used; but that argument has given a sort 
of indication that the conclusion is true. Seeing then that 
the theorem is not demonstrated, but at the same time 


‘ 
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suspecting that the conclusion is true, we shall have recourse 
to the geometrical demonstration which I myself discovered 
and have already published*.” 


Proposition 2. 


We can investigate by the same method the propositions that 


(1) Any sphere is (in respect of solid content) four times 
the cone with base equal to a great circle of the sphere and 
height equal to its radius; and 


(2) the cylinder with base equal to a great circle of the 
sphere and height equal to the diameter is 14 times the sphere. 


(1) Let ABCD be a great circle of a sphere, and AC, BD 
diameters at right angles to one another. 


Let a circle be drawn about BD as diameter and in a plane 
perpendicular to AC, and on this circle as base let a cone 
be described with A as vertex. Let the surface of this cone 
be produced and then cut by a plane through C parallel to 
its base; the section will be a circle on HF as diameter. On 
this circle as base let a cylinder be erected with height and 
axis AC, and produce CA to H, making AH equal to CA. 


Let CH be regarded as the bar of a balance, A being its 
middle point. 


Draw any straight line MN in the plane of the circle 
ABCD and parallel to BD. Let MN meet the circle in O, P, 
the diameter AC in S, and the straight lines AH, AF in Q, R 
respectively. Join AO. 


* The word governing riv yewuerpounévny dmbdeév in the Greek text is 
rdgouev, &@ reading which seems to be doubtful and is certainly difficult to 
translate. Heiberg translates as if rdfouey meant ‘‘ we shall give lower down” 
or ‘‘later on,” but I agree with Th, Reinach (Revue générale des sciences pures 
et appliquées, 30 November 1907, p. 918) that it is questionable whether 
Archimedes would really have written out in full once more, as an appendix, 
a proof which, as he says, had already been published (i.e. presumably in the 
Quadrature of a Parabola). rdtouev, if correct, should apparently mean ‘“ we 
shall appoint,” “prescribe” or ‘ assign.” 
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Through MN draw a plane at right angles to AC; 
this plane will cut the cylinder in a circle with diameter MN, 
the sphere in a circle with diameter OP, and the cone in a 
circle with diameter QR. 


Now, since MS= AC, and QS = AS, 
MS .SQ=CA.AS 
=A (3 
= 08’ + SQ’. 


H 


And, since HA = AC, 
HA’: AS=CA : AS 
=MS:SQ 
=MS?: MS.SQ 
= MS? : (OS? + SQ?), from above, 
= MN? : (OP? + QR’) 
=(circle, diam. MJ) : (circle, diam. OP 
+circle, diam. Qf). 
That is, 
HA: AS = (circle in cylinder) : (circle in sphere + circle in cone). 
Therefore the circle in the cylinder, placed where it is, 18 
in equilibrium, about A, with the circle in the sphere together 
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with the circle in the cone, if both the latter circles are placed 
with their centres of gravity at H. 

Similarly for the three corresponding sections made by a 
plane perpendicular to AC and passing through any other 
straight line in the parallelogram LF parallel to EF. 

If we deal in the same way with all the sets of three circles 
in which planes perpendicular to AC cut the cylinder, the 
sphere and the cone, and which make up those solids respec- 
tively, it follows that the cylinder, in the place where it is, will 
be in equilibrium about A with the sphere and the cone together, 
when both are placed with their centres of gravity at H. 

Therefore, since K is the centre of gravity of the cylinder, 

HA : AK =(cylinder) : (sphere + cone AEF). 

But HA =2AK; 
therefore cylinder = 2 (sphere + cone AFF). 

Now cylinder = 3 (cone AEF); [Eucl. x11. 10] 
therefore cone AHF =2 (sphere). 

But, since EF’ = 2BD, 

cone AEF =8 (cone ABD); 
therefore sphere = 4 (cone ABD). 


(2) Through B, D draw VBW, XDY parallel to AC; 


and imagine a cylinder which has AC for axis and the circles 
on VX, WY as diameters for bases. 


Then cylinder VY = 2 (cylinder VD) 
= 6 (cone ABD) [Eucl. xu. 10] 
= 3 (sphere), from above. 
Q.E.D. 
“From this theorem, to the effect that a sphere is four 
times as great as the cone with a great circle of the sphere as 
base and with height equal to the radius of the sphere, I con- 
ceived the notion that the surface of any sphere is four times as 
great as a great circle in it; for, judging from the fact that any 
circle is equal to a triangle with base equal to the circumference 
and height equal to the radius of the circle, I apprehended 
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that, in like manner, any sphere is equal to a cone with base 
equal to the surface of the sphere and height equal to the 
radius *,” 


Proposition 3. 


By this method we can also investigate the theorem that 

A cylinder with base equal to the greatest circle in u spheroid 
and height equal to the aais of the spheroid is 14 times the 
spheroid ; 
and, when this is established, it is plain that 

If any spheroid be cut by a plane through the centre and at 
right angles to the axis, the half of the spheroid is double of the 
cone which has the same base and the same axis as the segment 
(2.€. the half of the spheroid). 

Let a plane through the axis of a spheroid cut its surface in 
the ellipse ABCD, the diameters (ie. axes) of which are AC, 
BD; and let K be the centre. 

Draw a circle about BD as diameter and in a plane per- 
pendicular to AC; 
imagine a cone with this circle as base and A as vertex 
produced and cut by a a plane through C parallel to its base ; 
the section will be a circle in a plane at right angles to AC 
and about HF as diameter. 

Imagine a cylinder with the latter circle as base and axis 
AC; produce C/A to H, making AH equal to CA. 

Let HC be regarded as the bar of a balance, A being its 
middle point. 

In the parallelogram LF draw any straight line MN 
parallel to HF meeting the ellipse in 0, P and AH, AF, AC in 
Q, R, S respectively. 

* That is to say, Archimedes originally solved the problem of finding the 
solid content of a sphere before that of finding its surface, and he inferred the 
result of the latter problem from that of the former. Yet in On the Sphere and 
Cylinder 1. the surface is independently found (Prop. 33) and before the 
volume, which is found in Prop. 34: another illustration of the fact that the 


order of propositions in the treatises of the Greek geometers as finally 
elaborated does not necessarily follow the order of discovery. 
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If now a plane be drawn through MN at right angles to 
AC, it will cut the cylinder in a circle with diameter MN, the 
spheroid in a circle with diameter OP, and the cone in a circle 
with diameter QR. 

Since HA = AC. 


" HA: AS=CA: AS 
=HA: AQ 
= MS: SQ. 
Therefore HA: AS=MS?: MS. SQ. 


H 


E Ww Cc Y F 
But, by the property of the ellipse, 
AS, SC 8Ot=AK*s KB 


= AS? = SQ*; 
therefore SQ’: SO?=AS? : AS. SC 
504° SQs.0Ms 
and accordingly SO’?=SQ. QM. 


Add SQ? to each side, and we have 
S0’?+ SQ’=SQ . SM. 
Therefore, from above, we have 
HA:AS= MS? : (SO? + SQ’) 
= MN’: (OP?+ QR’) 
=(circle, diam. MIV):(circle, diam. OP +circle,diam. QR) 
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That is, 
HA:AS= (circle in cylinder) : (circle in spheroid + circle in cone). 


Therefore the circle in the cylinder, in the place where it is, 
is In equilibrium, about A, with the circle in the spheroid and 
the circle in the cone together, if both the latter circles are 
placed with their centres of gravity at H. j 


Similarly for the three corresponding sections made by a 
plane perpendicular to AC and passing through any other 
straight line in the parallelogram ZF parallel to EF. 


If we deal in the same way with all the sets of three circles 
in which planes perpendicular to AC cut the cylinder, the 
spheroid and the cone, and which make up those figures 
respectively, it follows that the cylinder, in the place where it 
is, will be in equilibrium about A with the spheroid and the 
cone together, when both are placed with their centres of 
gravity at H. 

Therefore, since K is the centre of gravity of the cylinder, 

HA : AK =(cylinder) : (spheroid + cone A/F). 

But HA =2AK; 


therefore cylinder = 2 (spheroid + cone AEF). 
And cylinder=3(cone AEF); — [Eucl. x11. 10] 
therefore cone AHF = 2 (spheroid). 


But, since HF'=2BD, 
cone AHF =8 (cone ABD); 
therefore spheroid = 4 (cone ABD), 
and half the spheroid = 2 (cone ABD). 


Through B, D draw VBW, XDY parallel to AC; 
and imagine a cylinder which has AC for axis and the circles 
on VX, WY as diameters for bases. 
Then cylinder VY =2 (cylinder VD) 
=6 (cone ABD) 


= 8 (spheroid), from above. 
Q.E.D. 
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Proposition 4. 


Any segment of a right-angled conoid (i.e. a paraboloid of 
revolution) cut off by a plane at right angles to the axis 1s 
14 times the cone which has the sume base and the same axis 
as the segment. 


This can be investigated by our method, as follows. 


Let a paraboloid of revolution be cut by a plane through 
the axis in the parabola BAC; 
and let it also be cut by another plane at right angles to the 
axis and intersecting the former plane in BC. Produce DA, 
the axis of the segment, to H, making HA equal to AD. 


H 


Imagine that HD is the bar of a balance, A being its 
middle point. 


The base of the segment being the circle on BC as diameter 
and in a plane perpendicular to AD, 


imagine (1) a cone drawn with the latter circle as base and A 
as vertex, and (2) a cylinder with the same circle as base and 
AD as axis. 


In the parallelogram EC let any straight line MN be drawn 
parallel to BC, and through MW let a plane be drawn at right 
angles to AD; this plane will cut the cylinder in a circle with 
diameter MN and the paraboloid in a circle with diameter OP. 
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Now, BAC being a parabola and BD, OS ordinates, 
DA vAS=BD?2 08"; 

or HAAS = MS 280" 

Therefore 

HA : AS=(circle, rad. MS) : (circle, rad. OS) 
=(circle in cylinder) : (circle in paraboloid). 

_ Therefore the circle in the cylinder, in the place where it is, 
will be in equilibrium, about A, with the circle in the paraboloid, 
if the latter is placed with its centre of gravity at H. 

Similarly for the two corresponding circular sections made 
by a plane perpendicular to AD and passing through any other 
straight line in the parallelogram which is parallel to BC. 

Therefore, as usual, if we take all the circles making up the 
whole cylinder and the whole segment and treat them in the 
same way, we find that the cylinder, in the place where it is, 
is in equilibrium about A with the segment placed with its 
centre of gravity at H. 

If K is the middle point of AD, K is the centre of gravity 
of the cylinder ; 
therefore HA : AK =(cylinder) : (segment). 

Therefore cylinder = 2 (segment). 

And cylinder = 3 (cone ABC); [Eucl. x11. 10] 
therefore segment = 3 (cone ABC). 


Proposition 5. 


The centre of gravity of a segment of a right-angled conoid 
(i.e. a paraboloid of revolution) cut off by a plane at right angles 
to the axis ts on the straight _line which is the axis of the segment, 
and divides the said straight line in such a way that the portion 
of it adjacent to the vertex is double of the remaining portion. 

This can be investigated by the method, as follows. 

Let a paraboloid of revolution be cut by a plane through 
the axis in the parabola BAC; 
and let it also be cut by another plane at right angles to the 
axis and intersecting the former plane in BC. 
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Produce DA, the axis of the segment, to H, making HA 
equal to AD; and imagine DH to be the bar of a balance, its 
middle point being A. 


The base of the segment being the circle on BC as diameter 
and in a plane perpendicular to AD, 


imagine a cone with this circle as base and A as vertex, so that 
AB, AC are generators of the cone. 


In the parabola let any double ordinate OP be drawn 
meeting AB, AD, AC in Q, S, # respectively. 


H 


A 


PIAS 


B D Cc 


Now, from the property of the parabola, 
BD*: 0S*= DA. AS 


=BD : QS 
= BD’: BD. QS. 
Therefore OS? = BD. QS, 
or BD? O0S=0S = Os, 
whence BDz OS =05-057 
But BD: QS=AD: AS 
= HA: AS, 


Therefore HAAS = OS*T5OSe 
=OP Ch 
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If now through OP a plane be drawn at right angles to 
AD, this plane cuts the paraboloid in a circle with diameter 
OP and the cone in a circle with diameter QR. 

We see therefore that 

HA : AS=(circle, diam. OP): (circle, diam. QR) 
= (circle in paraboloid) : (circle in cone); 
and the circle in the paraboloid, in the place where it is, is in 
equilibrium about A with the circle in the cone placed with its 
centre of gravity at H. 

Similarly for the two corresponding circular sections made 
by a plane perpendicular to AD and passing through any other 
ordinate of the parabola. 

Dealing therefore in the same way with all the circular 
sections which make up the whole of the segment of the 
paraboloid and the cone respectively, we see that the segment 
of the paraboloid, in the place where it is, is in equilibrium 
about A with the cone placed with its centre of gravity at H. 

Now, since A is the centre of gravity of the whole system 
as placed, and the centre of gravity of part of it, namely the 
cone, as placed, is at H, the centre of gravity of the rest, 
namely the segment, is at a point K on HA produced such 
that 

HA : AK =(segment) : (cone). 

But segment = $ (cone). [Prop. 4] 

Therefore HA=§ AK; 
that is, K divides AD in such a way that AK =2KD. 


Proposition 6. 


The centre of gravity of any hemisphere [1s on the straight 
line which] is its axis, and divides the said straight line in such 
a way that the portion of it adjacent to the surface of the 
hemisphere has to the remaining portion the ratio which 5 has 
to 3. 

Let a sphere be cut by a plane through its centre in the 
circle ABCD; 
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let AC, BD be perpendicular diameters of this circle, 
and through BD let a plane be drawn at right angles to AC. 
The latter plane will cut the sphere in a circle on BD as 
diameter. . 
Imagine a cone with the latter circle as base and A as 
vertex, 
Produce C'A to H, making AH equal to CA, and let HC be 
regarded as the bar of a balance, A being its middle point. 


In the semicircle BAD, let any 
straight line OP be drawn parallel to 
BD and cutting AC in £ and the two 
generators AB, AD of the cone in Q, R 
respectively. Joi AO. 

Through OP let a plane be drawn 
at right angles to AC; 
this plane will cut the hemisphere in a 
circle with diameter OP and the cone 
in a circle with diameter QR. 

Now 
HA:AK=AC:AE 
A OA Ts 

=(O8’+AE’): AK? 
= (OL? + QE”): QE? 
= (circle, diam. OP + circle,diam. QR): (circle,diam. QR). 

Therefore the circles with diameters OP, QR, in the places 
where they are, are in equilibrium about A with the circle with 
diameter QR if the latter is placed with its centre of gravity 
at 7. 

And, since the centre of gravity of the two circles with 
diameters OP, QR taken together, in the place where they are, 


[There is a lacuna here; but the proof can easily be com- 
pleted on the lines of the corresponding but more difficult case 
in Prop. 8. 

We proceed thus from the point where the circles with 
diameters OP, QR, in the place where they are, balance, about A, 
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the circle with diameter QR placed with its centre of gravity 
at H. 

A similar relation holds for all the other sets of circular 
sections made by other planes passing through points on AG 
and at right angles to AG. 

Taking then all the circles which fill up the hemisphere 
BAD and the cone ABD respectively, we find that 
the hemisphere BAD and the cone ABD, in the places where 
they are, together balance, about A, a cone equal to ABD placed 
with its centre of gravity at H. 

Let the cylinder M +N be equal to the cone ABD. 

Then, since the cylinder M+ WN placed with its centre of 
gravity at H balances the hemisphere BAD and the cone ABD 
in the places where they are, 
suppose that the portion M of the cylinder, placed with its 
centre of gravity at H, balances the cone ABD (alone) in the 
place where it is; therefore the portion NV of the cylinder placed 
with its centre of gravity at H balances the hemisphere (alone) 
in the place where it 1s. 

Now the centre of gravity of the cone is at a point V such 
that AG=4GV; 
therefore, since M at # is in equilibrium with the cone, 

M :(cone)=2AG: HA =8AC: AC, 
whence M = 3 (cone). 

But M+ N =(cone); therefore NV = $ (cone). 

Now let the centre of gravity of the hemisphere be at W, 
which is somewhere on AG. 

Then, since NV at H balances the hemisphere alone, 

(hemisphere): N= HA : AW. 

But the hemisphere BAD = twice the cone ABD; 

[On the Sphere and Cylinder 1. 34 and Prop. 2 above] 
and NV =8(cone), from above. 

Therefore Ce — i ae AW 

=2AG: AW, 
whence AW =8AG, so that W divides AG in such a way that 
AW: WG=5:3.] 
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Proposition 7. 


We can also investigate by the same method the theorem 
that ; 
[Any segment of a sphere has] to the cone [with the same 
base and height the ratio which the sum of the radius of the 
sphere and the height of the complementary segment has to 
the height of the complementary segment.) 

[There is a lacuna here; but all that is missing is the 
construction, and the construction is easily understood by 


H 


means of the figure. BAD is of course the segment of the 
sphere the volume of which is to be compared with the volume 
of a cone with the same base and height. ] 

The plane drawn through MN and at right angles to AC 
will cut the cylinder in a circle with diameter MN, the segment 
of the sphere in a circle with diameter OP, and the cone on 
the base EF in a circle with diameter QR. 

In the same way as before [cf. Prop. 2] we can prove that 
the circle with diameter MN, in the place where it is, is in 
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equilibrium about A with the two circles with diameters OP, 
QR if these circles are both moved and placed with their centres 
of gravity at H. 

The same thing can be proved of all sets of three circles 
in which the cylinder, the segment of the sphere, and the 
cone with the common height AG are all cut by any plane 
perpendicular to AC. 

Since then the sets of circles make up the whole cylinder, 
the whole segment of the sphere and the whole cone respec- 
tively, it follows that the cylinder, in the place where it is, 
is in equilibrium about A with the sum of the segment of 
the sphere and the cone if both are placed with their centres 
of gravity at H. 

Divide AG at W, V in such a way that 

AW=WG, AV=38VG. 

Therefore W will be the centre of gravity of the cylinder, 
and V will be the centre of gravity of the cone. 

Since, now, the bodies are in equilibrium as described, 

(cylinder) : (cone AE F'+ segment BAD of sphere) 
=HA:AW. 

[The rest of the proof is lost; but it can easily be supplied 
thus. 


We have 
(cone AHF +segmt. BAD) : (cylinder)= AW: AC 
=AW-AC-ACG* 
But (cylinder) : (cone AEF) = AC? : LHG? 
=AC?: 1AG* 


Therefore, ex aequali, 
(cone AHF + segmt.BAD):(cone AEF)=AW.AC:4AG? 
=4AC: 1AG, 
whence (segmt. BAD): (cone AEF) =(4AC —4 AG): $AG. 
Again (cone AHF) : (cone ABD) = EG? : DG? 
=AG?: AG.GC 
=AG: GC. 
=41AG:4G4C. 
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Therefore, ex aequalt, 


(segment BAD) : (cone ABD) =(4AC —4 AG) : 3GC 


= (240 — AG): G¢ 
=(4AC0+ GC): GC. 
Q.E.D. | 


Proposition 8. 


[The enunciation, the setting-out, and a few words of the 


construction are missing. 


The enunciation however can be supplied from that of 
Prop. 9, with which it must be identical except that it cannot 
refer to “any segment,” and the presumption therefore is that 
the proposition was enunciated with reference to one kind of 
segment only, i.e. either a segment greater than a hemisphere 
or a segment less than a hemisphere. 


Heiberg’s figure corresponds to the case of a segment 


greater than a hemisphere. The 
segment investigated is of course 
the segment BAD. The setting- 
out and construction are self- 
evident from the figure.] 

Produce AC to H, O, making 
HA equal to AC and CO equal 
to the radius of the sphere ; 
and let HC be regarded as the 
bar of a balance, the middle point 
being A. 

In the plane cutting off the 
segment describe a circle with G 
as centre and radius (GZ) equal 
to AG; and on this circle as 
base, and with A as vertex, let 
a cone be described. AK, AF 


are generators of this cone. 


Draw KL, through any point 


N 


Q on AG, parallel to HF and cutting the segment in K, L, and 
AE, AF in R, P respectively. Join AK. 
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Now HA:AQ=CA:4AQ 
=Ak?: AQ? 
=(K@ + QA) : QA? 
=(KQ + PQ): PQ 
=(circle, diam. KL + circle, diam. PR) 
: (circle, diam. PR). 

Imagine a circle equal to the circle with diameter PR 
placed with its centre of gravity at H; 
therefore the circles on diameters KL, PR, in the places where 
they are, are in equilibrium about A with the circle with 
diameter PR placed with its centre of gravity at H. 

Similarly for the corresponding circular sections made by 
any other plane perpendicular to AG. 

Therefore, taking all the circular sections which make up 
the segment ABD of the sphere and the cone AF respec- 
tively, we find that the segment ABD of the sphere and the 
cone AEF, in the places where they are, are in equilibrium 
with the cone A#F assumed to be placed with its centre of 
gravity at H. 

Let the cylinder +N be equal to the cone AHF which 
has A for vertex and the circle on HF as diameter for base. 

Divide AG at V so that AG=4VG4; 
therefore V is the centre of gravity of the cone AHF; “for 
this has been proved before*.” 

Let the cylinder M+ NV be cut by a plane perpendicular to 
the axis in such a way that the cylinder M (alone), placed with 
its centre of gravity at H, is in equilibrium with the cone AEF. 

Since f+ NV suspended at H is in equilibrium with the 
segment ABD of the sphere and the cone AHF in the places 
where they are, 
while MV, also at H, is in equilibrium with the cone AHF in 
the place where it is, it follows that 

N at H is in equilibrium with the segment ABD of the 
sphere in the place where it is. 


* Cf, note on p. 15 above, 
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Now (segment ABD of sphere) : (cone ABD) 
=0G= GC; 
“for this is already proved” [Cf On the Sphere and Cylinder 
1. 2 Cor. as well as Prop. 7 ante]. 
And (cone ABD): (cone AEP) 
= (circle, diam. BD) : (circle, diam. EP) 
= BD? : EF? 
= BG?: GE? 
=CUG..GA : GA? 
= UG :GA. 
Therefore, ex aequalt, 
(segment ABD of sphere) : (cone AHF) 
= OG aGA. 
Take a point W on AG such that 
AW: WG=(GA+4GC) : (GA + 2GC). 
We have then, inversely, 
GW: WA =(2GC + GA) : (4GC0 + GA), 
and, componendo, 
GA:AW = (6GC + 2GA) : (440 + GA). 
But GO =} (6GC+2GA), [for G@O—-GC=4(CG+GA)] 
and CV =} (4GC + GA); 
therefore GA: AW =.0G : CV, 
and, alternately and inversely, 
OG sGA= CV: WA. 
It follows, from above, that 
(segment ABD of sphere) : (cone AFF)=CV : WA. 
Now, since the cylinder M with its centre of gravity at H 
is in equilibrium about A with the cone AEF with its centre 
of gravity at V, 
(cone AHF) : (cylinder M)= HA: AV 
=CA: AV; 
and, since the cone AHF =the cylinder M+WN, we have, 
dividendo and invertendo, 


(cylinder M) : (cylinder VN) = AV: OV. 
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Hence, componendo, 
(cone AHF) : (cylinder V)=CA : CV* 
=HA: CY. 
But it was proved that 
(segment ABD of sphere) : (cone AEF) =OV: WA; 
therefore, ex aequali, 
(segment ABD of sphere) : (cylinder V)= HA: AW. 
And it was above proved that the cylinder V at H is 
in equilibrium about A with the segment ABD, in the place 
where it is; 
therefore, since H is the centre of gravity of the cylinder NV, 
W is the centre of gravity of the segment ABD of the sphere. 


Proposition 9. 

In the same way we can investigate the theorem that 

The centre of gravity of any segment of a sphere is on the 
straight line which is the axis of the segment, and divides this 
straight line in such a way that the part of it adjacent to the 
vertex of the segment has to the remaining part the ratio which 
the sum of the axis of the segment and four times the axis of 
the complementary segment has to the swm of the aaws of the 
segment and double thé awis of the complementary segment. 

[As this theorem relates to “any segment” but states the 
same result as that proved in the preceding proposition, it 
follows that Prop. 8 must have related to one kind of segment, 
either a segment greater than a semicircle (as in Heiberg’s 
figure of Prop. 8) or a segment less than a semicircle; and 
the present proposition completed the proof for both kinds of 
segments. It would only require a slight change in the figure, 
in any case.] 


Proposition 10. 


By this method too we can investigate the theorem that 


[A segment of an obtuse-angled conoid (2.e. a hyperbolord of 
revolution) has to the cone which has] the same base [as the 


* Archimedes arrives at this result in a very roundabout way, seeing that it 
could have been obtained at once convertendo. Cf. Euclid x. 14. 
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segment and equal height the same ratio as the sum of the axis 
of the segment and three times] the “annex to the ams” (1.€. half 
the transverse axis of the hyperbolic section through the axis of 
the hyperboloid or, in other words, the distance between the 
vertex: of the segment and the vertex of the enveloping cone) has to 
the sum of the axis of the segment and double of the “annex” * 
[this is the theorem proved in On Conoids and Spheroids, 
Prop. 25], “and also many other theorems, which, as the method 
has been made clear by means of the foregoing examples, I will 
omit, in order that I may now proceed to compass the proofs 
of the theorems mentioned above.” 


Proposition 11. 


If in a right prism with square bases a cylinder be inscribed 
having its bases in opposite square faces and touching with rts 
surface the remaining four parallelogrammic faces, and if 
through the centre of the circle which is the base of the cylinder 
and one side of the opposite square face a plane be drawn, the 
figure cut off by the plane so drawn is one siath part of the 
whole prism. 

“This can be investigated by the method, and, when it 
is set out, I will go back to the proof of it by geometrical 
considerations.” 


[The investigation by the mechanical method is contained 
in the two Propositions, 11,12. Prop. 13 gives another solution 
which, although it contains no mechanics, is still of the character 
which Archimedes regards as inconclusive, since it assumes that 
the solid is actually made up of parallel plane sections and that 
an auxiliary parabola is actually made up of parallel straight 
lines in it. Prop. 14 added the conclusive geometrical proof. ] 


Let there be a right prism with a cylinder inscribed as 
stated. 


* The text has “triple” (rpir\aclav) in the last line instead of ‘ double,” 
As there is a considerable lacuna before the last few lines, a theorem about the 


centre of gravity of a segment of a hyperboloid of revolution may have fallen 
out. 
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Let the prism be cut through the axis of the prism and 
cylinder by a plane perpendicular 
to the plane which cuts off the 


portion of the cylinder; let this 
plane make, as section, the paral- 
lelogram AB, and let it cut the 
plane cutting off the portion of 
the cylinder (which plane is per- 
pendicular to AB) in the straight 
line BC. 

Let CD be the axis of the 
prism and cylinder, let EF bisect 


it at right angles, and through 
EF let a plane be drawn at right 
angles to CD; this plane will cut the prism in a square and 
the cylinder in a circle. 

Let MN be the square and OPQR the circle, and let the 
circle touch the sides of the square 


in O, P, Q, R[F, # in the first R N 
figure are identical with O, Q T 
respectively]. Let H be the centre 

of the circle. = : 

Let KL be the intersection of 4 A 

the plane through HF perpen- 

dicular to the axis of the cylinder y 
and the plane cutting off the | 


portion of the cylinder; AZ is 
bisected by OHQ [and passes 
through the middle point of HQ]. 
Let any chord of the circle, as S7’, be drawn perpendicular 
to HQ, meeting HQ in W; 
and through S7' let a plane be drawn at right angles to OQ 
and produced on both sides of the plane of the circle OPQR. 
The plane so drawn will cut the half cylinder having the 
semicircle PQR for section and the axis of the prism for height 
in a parallelogram, one side of which is equal to ST’ and another 
is a generator of the cylinder; and it will also cut the portion 


= 
7; 
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of the cylinder cut off in a parallelogram, one side of which is 
equal to SZ and the other is equal and parallel to UV (in the 
first figure). 


UV will be parallel to BY and will cut off, along HG in the 
parallelogram DE, the segment HI equal to QW. 


Now, since EC is a parallelogram, and VJ is parallel to GC, 
BG «.GIl=YC:CV 
= BY: UV. 
= (2 in half cyl.) : (© in portion of cyl.). 
And #G= HQ, Gl=HW, QH=0H; 
therefore OH: HW=(C in half cyl.) : (& in portion). 


Imagine that the parallelogram in the portion of the 
cylinder is moved and placed at O so that O is its centre 
of gravity, and that OQ is the bar of a balance, H being its 
middle point. 

Then, since W is the centre of gravity of the parallelogram 
in the half cylinder, it follows from the above that the paral- 
lelogram in the half cylinder, in the place where it is, with its 
centre of gravity at W, is in equilibrium about H with the 
parallelogram in the portion of the cylinder when placed with 
its centre of gravity at O. 

Similarly for the other parallelogrammic sections made by 
any plane perpendicular to OQ and passing through any other 
chord in the semicircle PQR perpendicular to OQ. 

If then we take all the parallelograms making up the half 
cylinder and the portion of the cylinder respectively, it follows 
that the half cylinder, in the place where it is, is in equilibrium 
about H with the portion of the cylinder cut off when the 
latter is placed with its centre of gravity at O. 


Proposition 12. 


Let the parallelogram (square) MN perpendicular to the 
axis, with the circle OPQR and its diameters OQ, PR, be 


drawn separately. 
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Join HG, HM, and through them draw planes at right 
angles to the plane of the circle, 
producing them on both sides of G N 


that plane. NG, 


> 


This produces a prism with * 
triangular section GH M and height 
equal to the axis of the cylinder; 9 


this prism is } of the original 
prism circumscribing the cylinder. 

Let LK, UT be drawn parallel i 
to OQ and equidistant from it, 4 5 
cutting the circle in K, T, RP 
in S, F, and GH, HM in W, V respectively. 

Through LK, UT draw planes at right angles to PR, 
producing them on both sides of the plane of the circle; 
these planes produce as sections in the half cylinder PQR 
and in the prism GHWM four parallelograms in which the 
heights are equal to the axis of the cylinder, and the other 
sides are equal to KS, TF, LW, UV respectively............. 


[The rest of the proof is missing, but, as Zeuthen says*, 
the result obtained andthe method of arriving at it are plainly 
indicated by the above. 

Archimedes wishes to prove that the half cylinder PQA, in 
the place where it is, balances the prism GHW, in the place 
where it is, about H as fixed point. 

He has first to prove that the elements (1) the parallelo- 
gram with side = KS and (2) the parallelogram with side = LW, 
in the places where they are, balance about S, or, in other 
words that the straight lines SK, LW, in the places where 
they are, balance about S. 

Now (radius of circle OPQR) = SK? + SH’, 


or SL? = Sk? + SW. 
Therefore LS? — SW? = SK, 

and accordingly (LS+SW).LW=SK’, 

whence 4(L8+SW):4SK=SK : LW. 


* Zeuthen in Bibliotheca Mathematica vit3, 1906-7, pp. 352-3. 
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And 4(LS+SW) is the distance of the centre of gravity 
of LW from S, 
while SK is the distance of the centre of gravity of SK from 8. 

Therefore SK and LW, in the places where they are, 
balance about S. 

Similarly for the corresponding parallelograms. 

Taking all the parallelogrammic elements in the half 
cylinder and prism respectively, we find that 
the half cylinder PQR and the prism GHW, in the places 
where they are respectively, balance about H. 

From this result and that of Prop. 11 we can at once deduce 
the volume of the portion cut off from the cylinder. For in 
Prop. 11 the portion of the cylinder, placed with its centre of 
gravity at O, is shown to balance (about H) the half-cylinder 
in the place where it is. By Prop. 12 we may substitute for 
the half-cylinder in the place where it is the prism GHM 
of that proposition turned the opposite way relatively to RP. 
The centre of gravity of the prism as thus placed is at a point 
(say Z) on HQ such that HZ = 2HQ. 

Therefore, assuming the prism to be applied at its centre of 
gravity, we have 

(portion of cylinder) : (prism) = 2HQ: OH 
= 2935 
therefore (portion of cylinder) = 3 (prism GHW) 
= 4 (original prism). 


Note. This proposition of course solves the problem of 
finding the centre of gravity of a half cylinder or, in other 
words, of a semicircle. 

For the triangle GHW in the place where it is balances, 
about H, the semicircle PQR in the place where it is. 

If then X is the point on HQ which is the centre of 
gravity of the semicircle, 

2HO.(AGHM) = HX . (semicircle PQR), 
or 2HO.HO?= HX .47. HO; 


‘ 4 
that is, AX = — HAQ.] 


THE METHOD 41 


Proposition 13. 


Let there be a right prism with square bases, one of which 
is ABCD; 


in the prism let a cylinder be 8 G c 
inscribed, the base of which is ee 
the circle HFGH touching the as N 
sides of the square ABCD in \ 
E, F, G, H. 


Through the centre and 
through the side corresponding 
to CD in the square face opposite 
to ABCD let a plane be drawn; 
this will cut off a prism equal 4 2 D 
to + of the original prism and 
formed by three parallelograms and two triangles, the triangles 
forming opposite faces. 

In the semicircle HFG describe the parabola which has 
FK for axis and passes through #, G; 
draw MN parallel to KF meeting GH in M, the parabola 
in LZ, the semicircle iy O and CD in N. 


Then MN ONG =P: 
“for this is clear.” [Cf. Apollonius, Conics 1. 11] 
[The parameter is of course equal to GK or KF] 

Therefore MN: NL=GK?: DS* 


Through MN draw a plane at right angles to HG; 

this will produce as sections (1) in the prism cut off from the 
whole prism a right-angled triangle, the base of which is MN, 
while the perpendicular is perpendicular at N to the plane 
ABCD and equal to the axis of the cylinder, and the hypo- 
tenuse is in the plane cutting the cylinder, and (2) in the 
portion of the cylinder cut off a right-angled triangle the base 
of which is MO, while the perpendicular is the generator of 
the cylinder perpendicular at O to the plane AW, and the 
hypotenuse 18..........+...eseeee 


ee meee eee HH eH ee HHH Here eee eee HEHEHE HEHEHE HEHE HEH HHH H HEHEHE OS 
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[There is a lacuna here, to be supplied as follows. 
Since MN: NL=GK?: LS? 
= MN? : DS?) . 
it follows that MN: ML=MN?: (MN?—- LS?) 
= MN’: (MN?- MK”) 
= MN? : MO? 
But the triangle (1) in the prism is to the triangle (2) in 
the portion of the cylinder in the ratio of MN? : MO’. 
Therefore 
(A in prism) : (A in portion of cylinder) 
=MN:ML 
= (straight line in rect. DG) : (straight line in parabola). 
We now take all the corresponding elements in the prism, 
the portion of the cylinder, the rectangle DG and the parabola 
EFG respectively ;] 
and it will follow that 
(all the As in prism) : (all the As in portion of cylinder) 
= (all the str. lines in 1 DG) 
: (all the straight lines between parabola and EG). 
But the prism is made up of the triangles in the prism, 
[the portion of the cylinder is made up of the triangles in it], 
the parallelogram DG of the straight lines in it parallel to KF, 
and the parabolic segment of the straight lines parallel to KF 
intercepted between its circumference and EG; 


therefore (prism) : (portion of cylinder) 
=(C GD) : (parabolic segment EFG). 
But C7 GD = 3 (parabolic segment HF@) ; 


“for this is proved in my earlier treatise.” 
[Quadrature of Parabola] 
Therefore prism = 3 (portion of cylinder). 
If then we denote the portion of the cylinder by 2, the 
prism is 3, and the original prism circumscribing the cylinder 
is 12 (being 4 times the other prism) ; 


therefore the portion of the cylinder = 4 (original prism). 
Q.E.D. 
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[The above proposition and the next are peculiarly interest- 
ing for the fact that the parabola is an auxiliary curve introduced 
for the sole purpose of analytically reducing the required 
cubature to the known quadrature of the parabola.] 


Proposition 14. 


Let there be a right prism with square bases [and a 
cylinder inscribed therein having its base in the square ABCD 
and touching its sides at EL, F, G, H; 
let the cylinder be cut by a plane through EG and the side 
corresponding to C'D in the square face opposite to ABCD]. 


This plane cuts off from the prism a prism, and from the 
cylinder a portion of it. 

It can be proved that the portion of the cylinder cut off by 
the plane is 4 of the whole prism. 

But we will first prove that it is possible to inscribe in 
the portion cut off from the cylinder, and to circumscribe about 
it, solid figures made up of prisms which have equal height 
and similar triangular bases, in such a way that the circum- 
scribed figure exceeds the inscribed by less than any assigned 
TAG PUL UUL Os watace soi caeh tp wry as cee thug eae cee eoiains 2 

But it was proved that 

(prism cut off by oblique plane) 
< 3 (figure inscribed in portion of cylinder), 
Now 
(prism cut off) : (inscribed figure) 
= 1 DG : (Os inscribed in parabolic segment) ; 
therefore LJ DG <3(s in parabolic segment) : 
which is impossible, since “it has been proved elsewhere” that 
the parallelogram DG is 3 of the parabolic segment. 


COMBE OI GY 5 scala sepieaiss« surge 


Cele Oe MON Oe CSCO DE SOC Ce SO Seb etEET EVO SES COC ee 


Om mH OHH Hee eee eee eri a Hee EH OH SEH HHH SESE HEE Heo E OD 
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And (all the prisms in prism cut off) 
: (all prisms in circumscr. figure) 
= (all G/s-in C7 DG) 


: (all Cs in fig. circumscr. about parabolic segmt.) ; 
therefore 


(prism cut off) : (figure circumscr. about portion of cylinder) 
=(C DG) : (figure circumscr. about parabolic segment). 


But the prism cut off by the oblique plane is > 3 of 
the solid figure circumscribed about the portion of the 
cylinder, 218 Sao, ae 


[There are large gaps in the exposition of this geometrical 
proof, but the way in which the method of exhaustion was 
applied, and the parallelism between this and other applications 
of it, are clear. The first fragment shows that solid figures 
made up of prisms were circumscribed and inscribed to the 
portion of the cylinder. The parallel triangular faces of these 
prisms were perpendicular to GH in the figure of Prop. 138; 
they divided GE into equal portions of the requisite smallness ; 
each section of the portion of the cylinder by such a plane was 
a triangular face common to an inscribed and a circumscribed 
right prism. The planes also produced prisms in the prism cut 
off by the same oblique plane as cuts off the portion of the 
cylinder and standing on GD as base. 


The number of parts into which the parallel planes divided 
GE was made great enough to secure that the circumscribed 
figure exceeded the inscribed figure by less than a small 
assigned magnitude. 


The second part of the proof began with the assumption 
that the portion of the cylinder is > 3 of the prism cut off; 
and this was proved to be impossible, by means of the use of 
the auxiliary parabola and the proportion 


MN : ML=MN*: MO? 
which are employed in Prop. 13. 
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We may supply the missing proof as follows*. 
In the accompanying figure are represented (1) the first 


CS’ N’ Dp’ 


element-prism circumscribed to the portion of the cylinder, 
(2) two element-prisms adjacent to the ordinate OM, of which 
that on the left is circumscribed and ¢ 
that on the right (equal to the other) 
inscribed, (3) the corresponding element- 
prisms forming part of the prism cut 
off (CC’G EDD’) which is 4 of the original 
prism. 

In the second figure are shown , 
element-rectangles circumscribed and 
inscribed to the auxiliary parabola, 
which rectangles correspond exactly to 
the circumscribed and inscribed element- 
prisms represented in the first figure 
(the length of GM is the same in both 
figures, and the breadths of the element- 
rectangles are the same as the heights of the element-prisms) ; 


* It is right to mention that this has already been done by Th. Reinach in 
his version of the treatise (‘‘Un Traité de Géométrie inédit d’Archiméde” in 
Revue générale des sciences pures et appliquées, 30 Nov. and 15 Dec. 1907) ; 
but I prefer my own statement of the proof. 
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the corresponding element-rectangles forming part of the 
rectangle GD are similarly shown. 

For convenience we suppose that G is divided into an 
even number of equal parts, so that GK contains an integral 
number of these parts. 

For the sake of brevity we will call each of the two element- 
prisms of which OM is an edge “el. prism (0)” and each of 
the element-prisms of which MNWN’ is a common face “el. 
prism (V).” Similarly we will use the corresponding abbrevia- 
tions “el. rect. (Z)” and “el. rect. (V)” for the corresponding 
elements in relation to the auxiliary parabola as shown in 
the second figure. 

Now it is easy to see that the figure made up of all the 
inscribed prisms is less than the figure made up of the circum- 
scribed prisms by twice the final circumscribed prism adjacent 
to FK, i.e. by twice “el. prism (V)”; and, as the height of this 
prism may be made as small as we please by dividing GK into 
sufficiently small parts, it follows that inscribed and circum- 
scribed solid figures made up of element-prisms can be drawn 
differing by less than any assigned solid figure. 

(1) Suppose, if possible, that 

(portion of cylinder) > 3 (prism cut off), 
or (prism cut off) < $ (portion of cylinder). 

Let (prism cut off) = 3 (portion of cylinder — X), say. 

Construct circumscribed and inscribed figures made up of 
element-prisms, such that 

(circumscr. fig.) — (inser. fig.) < X. 

Therefore (inser. fig.) > (cireumser. fig. — X), 
and a fortiort > (portion of cyl. — X). 

It follows that 

(prism cut off) < 3 (inscribed figure). 
Considering now the element-prisms in the prism cut off 
and those in the inscribed’ figure respectively, we have 
el. prism (JV) : el. prism (O) = MN? : MO? 
= MN: ML {as in Prop. 13] 
= el. rect. (V) : el. rect. (ZL). 
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It follows that 
> {el. prism (V)} : & {el. prism (0)} 
= {el. rect. (V)} : & fel. rect. (Z)}. 

(There are really two more prisms and rectangles in the 
first and third than there are in the second and fourth terms 
respectively; but this makes no difference because the first 
and third terms may be multiplied by a common factor as 
n/(n—2) without affecting the truth of the proportion. Cf. 
the proposition from On Conoids and Spheroids quoted on p. 15 
above.) 

Therefore 

(prism cut off) : (figure inser. in portion of cyl.) 
=(rect. GD) : (fig. inser. in parabola). 
But it was proved above that 
(prism cut off) < 3 (fig. inscr. in portion of cyl.) ; 
therefore (rect. GD) < 3 (fig. inser. in parabola), 
and, a fortiort, 
(rect. GD) < 3 (parabolic segmt.): 
which is impossible, since 
ca 
(rect. GD) = 3 (parabolic segmt.). 


Therefore 
(portion of cyl.) is not greater than 3 (prism cut off). 


(2) In the second lacuna must have come the beginning of 
the next reductio ad absurdum demolishing the other possible 
assumption that the portion of the cylinder is < 3 of the prism 
cut off. 

In this case our assumption is that 

(prism cut off) > 3 (portion of cylinder) ; 
and we circumscribe and inscribe figures made up of element- 


prisms, such that 
(prism cut off) > $ (fig. cireumscr. about portion of cyl.). 
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We now consider the element-prisms in the prism cut off 
and in the circumscribed figure respectively, and the same 
argument as above gives 


(prism cut off) : (fig. cireumscr. about portion of cyl.) 
= (rect. GD) : (fig. cireumscr. about parabola), 
whence it follows that 
(rect. GD) > 3 (fig. circumscribed about parabola), 
and, a fortiort, 
(rect. GD) > 3 (parabolic segment) : 
which is impossible, since 
(rect. GD) = 3 (parabolic segmt.). 
Therefore 
(portion of cyl.) is not less than 3 (prism cut off). 
But it was also proved that neither is it greater ; 
therefore (portion of cyl.) = 2 (prism cut off) 
= 4 (original prism).] 


[Proposition 15.] 


[This proposition, which is lost, would be the mechanical 
investigation of the second of the two special problems 
mentioned in the preface to the treatise, namely that of the 
cubature of the figure included between two cylinders, each 
of which is inscribed in one and the same cube so that its 
opposite bases are in two opposite faces of the cube and its 
surface touches the other four faces. 


Zeuthen has shown how the mechanical method can be 
applied to this case*, 

In the accompanying figure VWYX is a section of the 
cube by a plane (that of the paper) passing through the axis 
BD of one of the cylinders inscribed in the cube and parallel 
to two opposite faces. 

The same plane gives the circle ABCD as the section of 
the other inscribed cylinder with axis perpendicular to the 


* Zeuthen in Bibliotheca Mathematica vu13, 1906-7, pp. 356-7. 
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plane of the paper and extending on each side of the plane 
to a distance equal to the radius of the circle or half the side 
of the cube. 


AC is the diameter of the circle which is perpendicular 
to BD. 


Join AB, AD and produce them to meet the tangent at C 
to the circle in EZ, F. 


Then EC = CF=CA. 


Let LG be the tangent at A, and complete the rectangle 
EFGL. 


H 


Draw straight lines from A to the four corners of the 
section in which the plane through BD perpendicular to AK 
cuts the cube. These straight lines, if produced, will meet the 
plane of the face of the cube opposite to A in four points 
forming the four corners of a square in that plane with sides 
equal to EF or double of the side of the cube, and we thus 
have a pyramid with A for vertex and the latter square for 
base. 

Complete the prism (parallelepiped) with the same base 
and height as the pyramid. 

Draw in the parallelogram LF any straight line MN parallel 
to EF, and through MN draw a plane at right angles to AC. 
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This plane cuts— 


(1) the solid included by the two cylinders in a square with 
side equal to OP, 


(2) the prism in a square with side equal to MN, and 
(3) the pyramid in a square with side equal to QR. 


Produce CA to H, making HA equal to AC, and imagine 
HC to be the bar of a balance. 
Now, as in Prop. 2, smce MS = AC, QS = AS, 
MS .SQ=CA.AS 


= AO? 
= OS? + SQ”. 
Also 
HA: AS=CA: AS 
= MS SQ 
= MS?: MS. SQ 


= MS? : (OS? + SQ?), from above, 
= MN*: (OP2+QR*) 
= (square, side MN): (sq., side OP +8q., side QR). 

Therefore the square with side equal to MN, in the place 
where it is, is in equilibrium about A with the squares with 
sides equal to OP, QR respectively placed with their centres of 
gravity at H. 

Proceeding in the same way with the square sections 
produced by other planes perpendicular to AC, we finally 
prove that the prism, in the place where it is, is in equilibrium 
about A with the solid included by the two cylinders and the 
pyramid, both placed with their centres of gravity at H. 

Now the centre of gravity of the prism is at K. 

Therefore HA : AK =(prism) : (solid + pyramid) 
or 2: 1 =(prism) : (solid + } prism). 

Therefore 2 (solid) + 2 (prism) = (prism). 

It follows that 

(solid included by cylinders) = 3 (prism) 
= (cube), QED. 
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There is no doubt that Archimedes proceeded to, and 
completed, the rigorous geometrical proof by the method of 
exhaustion. 

As observed by Prof. C. Juel (Zeuthen l.c.), the solid in the 
present proposition is made up of 8 pieces of cylinders of the 
type of that treated in the preceding proposition. As however 
the two propositions are separately stated, there is no doubt 
that Archimedes’ proofs of them were distinct. 


In this case AC would be divided into a very large number 
of equal parts and planes would be drawn through the points 
of division perpendicular to AC. These planes cut the solid, 
and also the cube VY, in square sections. Thus we can inscribe 
and circumscribe to the solid the requisite solid figures made 
up of element-prisms and differing by less than any assigned 
solid magnitude; the prisms have square bases and their 
heights are the small segments of AC. The element-prism 
in the inscribed and circumscribed figures which has the square 
equal to OP? for base corresponds to an element-prism in the 
cube which has for base a square with side equal to that of 
the cube; and as the ratio of the element-prisms is the ratio 
OS? : BK?, we can use the same auxiliary parabola, and work 
out the proof in exactly the same way, as in Prop. 14.] 
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the treatment of practical problems, especially those of a physical nature, which are far 
more advanced than problems usually given as illustrations. Includes analytic differential 
equations; variations of a parameter; integrals of differential equations; analytic implicit 
functions; problems of elliptic motion; sine-amplitude functions; deviation 6f formal bodies; 
Cauchy-Lipschitz process; linear differential equations with periodic coefficients; differential 
equations in infinitely many variations; much more. Historical notes. 10 figures. 222 prob- 
lems. Index. xv + 395pp. 53% x 8. $451 Paperbound $2.00 


DIFFERENTIAL AND INTEGRAL EQUATIONS OF MECHANICS AND PHYSICS (DIE DIFFERENTIAL- 
UND INTEGRALGLEICHUNGEN DER MECHANIK UND PHYSIK), edited by P. Frank and R. von 
Mises. Most comprehensive and authoritative work on the mathematics of mathematical 
physics available today in the United States: the standard, definitive reference for teachers, 
physicists, engineers, and mathematicians—now published (in the original German) at a rela- 
tively inexpensive price for the first time! Every chapter in this 2,000-page set is by an 
expert in his field: Carathéodory, Courant, Frank, Mises, and a dozen others. Vol |, on 
mathematics, gives concise but complete coverages of advanced calculus, differential equa- 
tions, integral equations, and potential, and partial differential equations. Index. xxiii + 
916pp. Vol. II (physics): classical mechanics, optics, continuous mechanics, heat conduction 
and diffusion, the stationary and quasi-stationary electromagnetic field, electromagnetic 
oscillations, and wave mechanics. Index. xxiv + 1106pp. Two volume set. Each volume avail- 
able separately. 556 x 83%. $787 Vol | Clothbound $7.50 
$788 Vol Il Clothbound $7.50 

The set $15.00 


LECTURES ON CAUCHY’S PROBLEM, J. Hadamard. Based on lectures given at Columbia, Rome, 
this discusses work of Riemann, Kirchhoff, Volterra, and the author’s own research on the 
hyperbolic case in linear partial differential equations. It extends spherical and cylindrical 
waves to apply to all (normal) hyperbolic equations. Partial contents: Cauchy’s problem, 
fundamental formula, equations with odd number, with even number of independent var- 
iables; method of descent. 32 figures. Index. iii + 316pp. 5% x 8. $105 Paperbound $1.75 


THEORY OF DIFFERENTIAL EQUATIONS, A. R. Forsyth. Out of print for over a decade, the 
complete 6 volumes (now bound as 3) of this monumental work represent the most com- 
prehensive treatment of differential equations ever written. Historical presentation includes 
in 2500 pages every substantial development. Vol. 1, 2: EXACT EQUATIONS, PFAFF’S 
PROBLEM; ORDINARY EQUATIONS, NOT LINEAR: methods of Grassmann, Clebsch, Lie, Dar- 
boux; Cauchy’s theorem; branch points; etc. Vol. 3, 4: ORDINARY EQUATIONS, NOT LINEAR; 
ORDINARY LINEAR~EQUATIONS: Zeta Fuchsian functions, general theorems on algebraic 
integrals, Brun’s theorem, equations with uniform periodic coffiecients, etc. Vol. 4, 5: 
PARTIAL DIFFERENTIAL EQUATIONS: 2 existence-theorems, equations of theoretical dynamics, 
Laplace transformations, general transformation of equations of the 2nd order, much more. 
Indexes. Total of 2766pp. 5% x 8. $576-7-8 Clothbound: the set $15.00 


PARTIAL DIFFERENTIAL EQUATIONS OF MATHEMATICAL PHYSICS, A. G. Webster. A keystone 
work in the library of every mature physicist, engineer, researcher. Valuable sections on 
elasticity, compression theory, potential theory, theory of sound, heat conduction, wave 
propagation, vibration theory. Contents include: deduction of differential equations, vibra- 
tions, normal functions, Fourier’s series, Cauchy’s method, boundary problems, method of 
Riemann-Volterra. Spherical, cylindrical, ellipsoidal harmonics, applications, etc. 97 figures. 
vii + 440pp. 5% x 8. $263 Paperbound $2.00 
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ORDINARY DIFFERENTIAL EQUATIONS, E. L. Ince. A most compendious analysis in real and 
complex domains. Existence and nature of solutions, continuous transformation groups, solu- 
tions in an infinite form, definite integrals, algebraic theory, Sturmian theory, boundary prob- 
lems, existence theorems, 1st order, higher order, etc. ‘‘Deserves the highest praise, a notable 
addition to mathematical literature,’ BULLETIN, AM. MATH. SOC. Historical appendix. Bib- 
liography. 18 figures. viii + 558pp. 5% x 8. $349 Paperbound $2.75 


INTRODUCTION TO NONLINEAR DIFFERENTIAL AND INTEGRAL EQUATIONS, Harold T. Davis. 
A thorough introduction to this important area, of increasing interest to mathematicians and 
scientists. First published by the United States Atomic Energy Commission, it includes chap- 
ters on the differential equation of the first order, the Riccati equation (as a bridge between 
linear and nonlinear equations), existence theorems, second order equations, elliptic integrals, 
elliptic functions, and theta functions, second order differential equations of polynomial 
class, continuous analytic continuation, the phase plane and its phenomena, nonlinear me- 
chanics, the calculus of variations, etc. Appendices on Painlevé transcendents and Van der 
Pol and Volterra equations. Bibliography of 350 items. 137 problems. Index. xv + 566pp. 
53 x 81. S971 Paperbound $2.00 


THEORY OF FUNCTIONALS AND OF INTEGRAL AND INTEGRO-DIFFERENTIAL EQUATIONS, Vito 
Volterra. Unabridged republication of the only English translation. An exposition of the 
general theory of the functions depending on a continuous set of values of another function, 
based on the author’s fundamental notion of the transition from a finite number of variables 
to a continually infinite number. Though dealing primarily with integral equations, much 
material on calculus of variations is included. The work makes no assumption of previous 
Knowledge on the part of the reader. It begins with fundamental material and proceeds to 
Generalization of Analytic Functions, Integro-Differential Equations, Functional Derivative 
Equations, Applications, Other Directions of Theory of Functionals, etc. New introduction by 
. ©. Evans. Bibliography and criticism of Volterra’s work by E. Whittaker. Bibliography. 
Index of authors cited. Index of subjects. xxxx + 226pp. 5% x 8. $502 Paperbound $1.75 


LINEAR INTEGRAL EQUATIONS, W. V. Lovitt. Systematic survey of general theory, with some 
application to differential equations, calculus of variations, problems of math, physics. 
Partial contents: integral equation of 2nd kind by successive substitutions; Fredholm’s equa- 
tion as ratio of 2 integral series in lambda, applications of the Fredholm theory, Hilbert- 
Schmidt theory of symmetric kernels, application, etc. Neumann, Dirichlet, vibratory prob- 
lems. Index. ix + 253pp. 5% x 8. $176 Paperbound $1.60 


Foundations of mathematics 


THE CONTINUUM AND OTHER TYPES OF SERIAL ORDER, E. V. Huntington. This famous book 
gives a systematic elementary account of the modern theory of the continuum as a type of 
serial order. Based on the Cantor-Dedekind ordinal theory, which requires no_ technical 


knowledge of higher mathematics, if offers an easily followed analysis of ordered classes, 
discrete and dense series, continuous series, Cantor’s transfinite numbers. 2nd edition. Index. 
viii + 82pp. 53% x 8. $130 Paperbound $1.00 


CONTRIBUTIONS TO THE FOUNDING OF THE THEORY OF TRANSFINITE NUMBERS, Georg Cantor. 
These papers founded a new branch of mathematics. The famous articles of 1895-7 are 
translated, with an 82-page introduction by P. E. B. Jourdain dealing with Cantor, the back- 
ground of his discoveries, their results, future possibilities. Bibliography. Index. Notes. 
ix + 211 pp. 5% x 8. $45 Paperbound $1.35 


ELEMENTARY MATHEMATICS FROM AN ADVANCED STANDPOINT, Felix Klein. 


This classic text is an outgrowth of Klein’s famous integration and survey course at Gottingen. 
Using one field of mathematics to interpret, adjust, illuminate another, it covers basic 
topics in each area, illustrating its discussion with extensive analysis. It is especially 
valuable in considering areas of modern mathematics. ‘‘Makes the reader feel the inspiration 
of... a great mathematician, inspiring teacher . . . with deep insight into the founda- 
tions and interrelations,’’ BULLETIN, AMERICAN MATHEMATICAL SOCIETY. 


Vol. 1. ARITHMETIC, ALGEBRA, ANALYSIS. Introducing the concept of function immediately, 
it enlivens abstract discussion with graphical and geometrically perceptual methods. Partial 
contents: natural numbers, extension of the notion of number, special properties, complex 
numbers. Real equations with real unknowns, complex quantities. Logarithmic, exponential 
functions, goniometric functions, infinitesimal calculus. Transcendence of e and pi, theory 
of assemblages. Index. 125 figures. ix + 274pp . 5% x 8. $150 Paperbound $1.85 


' TRY. A comprehensive view which accompanies the space perception inherent 
Peat” With analytic, formulas which facilitate precise formulation. Partial contents: 
Simplest geometric manifolds: line segment, Grassmann determinant principles, classification 
of configurations of space, derivative manifolds. Geometric transformations: affine transforma- 
tions, projective, higher point transformations, theory of the imaginary. Systematic discussion 


i ions. es. 141 illustrations. ix + 214pp. 5% x 8. 
of geometry and its foundations. Indexes 1 i RST cacerbound: $4.75 
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ESSAYS ON THE THEORY OF NUMBERS: 1. CONTINUITY AND IRRATIONAL NUMBERS; 2. THE 
NATURE AND MEANING OF NUMBERS, Richard Dedekind. The two most important essays on 
the logical foundations of the number system by the famous German mathematician. The 
first provides a purely arithmetic and perfectly rigorous foundation for irrational numbers and 
thereby a rigorous meaning to continuity in analysis. The second essay is an attempt to 
give a logical basis for transfinite numbers and properties of the natural numbers. Discusses 
the logical validity of mathematical induction. Authorized English translations by W. W. 
Deman of ‘‘Stetigkeit und irrationale Zahlen’’ and ‘‘Was sind und was sollen die Zahlen?”’ 
vii + 115pp. 5% x 8. 71010 Paperbound $1.00 


Geometry 


THE FOUNDATIONS OF EUCLIDEAN GEOMETRY, H. G. Forder. The first rigorous account of 
Euclidean geometry, establishing propositions without recourse to empiricism, and without 
multiplying hypotheses. Corrects many traditional weaknesses of Euclidean proofs, and 
investigates the problems imposed on the axiom system by the discoveries of Bolyai and 
Lobachevsky. Some topics discussed are Classes and Relations; Axioms for Magnitudes; 
Congruence and Similarity; Algebra of Points; Hessenberg’s Theorem; Continuity; Existence 
of Parallels; Reflections; Rotations; lsometries; etc. Invaluable for the light it throws on 
foundations of math. Lists: Axioms employed, Symbols, Constructions. 295pp. 5% x 8. 
$481 Paperbound $2.00 


ADVANCED EUCLIDEAN GEOMETRY, R. A. Johnson. For years the standard textbook on advanced 
Euclidean geometry, requires only high school geometry and trigonometry. Explores in unusual 
detail and gives proofs of hundreds of relatively recent theorems and corollaries, many 
formerly available only in widely scattered journals. Covers tangent circles, the theorem of 
Miquel, symmedian point, pedal triangles and circles, the Brocard configuration, and much 
more. Formerly ‘‘Modern Geometry.’’ Index. 107 diagrams. xiii + 319pp. 5% x 8. 

$669 Paperbound $1.65 


HIGHER GEOMETRY: AN INTRODUCTION TO ADVANCED METHODS IN ANALYTIC GEOMETRY, F. S. 
Woods. Exceptionally thorough study of concepts and methods of advanced algebraic geometry 
(as distinguished from differential geometry). Exhaustive treatment of 1-, 2-, 3-, and 4- 
dimensional coordinate systems, leading to n-dimensional geometry in an abstract sense. 
Covers projectivity, tetracyclical coordinates, contact transformation, pentaspherical coordi- 
nates, much more. Based on M.I.T. lectures, requires sound preparation in analytic geometry 
and some knowledge of determinants. Index. Over 350 exercises. References. 60 figures. 
X + 423pp. 53% x 8. $737 Paperbound $2.00 


CONTEMPORARY GEOMETRY, André Delachet. Translated by Howard G. Bergmann. The recent 
developments in geometry covered in uncomplicated fashion. Clear discussions of modern 
thinking about the theory of groups, the concept of abstract geometry, projective geometry, 
algebraic geometry, vector spaces, new kinds of metric spaces, developments in differen- 
tial geometry, etc. A large part of the book is devoted to problems, developments, and 
applications of topology. For advanced undergraduates and graduate students as well as 
mathematicians in other fields who want a brief introduction to current work in geometry. 
39 figures. Index. xix + 94pp. 536 x 81. S988 Paperbound $1.00 


ELEMENTS OF PROJECTIVE GEOMETRY, L. Cremona. Outstanding complete treatment of projec- 
tive geometry by one of the foremost 19th century geometers. Detailed proofs of all funda- 
mental principles, stress placed on the constructive aspects. Covers homology, law of duality, 
anharmonic ratios, theorems of Pascal and Brianchon, foci, polar reciprocal figures, etc. Only 
ordinary geometry necessary to understand this honored classic. Index. Over 150 fully worked 
out examples and problems. 252 diagrams. xx + 302pp. 536 x 8. S668 Paperbound $1.75 


AN INTRODUCTION TC PROJECTIVE GEOMETRY, R. M. Winger. One of the best introductory 
texts to an important area in modern mathematics. Contains full development of elementary 
concepts often omitted in other books. Employing the analytic method to capitalize on the 
student’s collegiate training in algebra, analytic geometry and calculus, the author deals 
with such topics as Essential Constants, Duality, The Line at Infinity, Projective Properties 
and Double Ratio, Projective Coordinates, The Conic, Collineations and Involutions in One 
Dimension, Binary Forms, Algebraic Invariants, Analytic Treatment of the Conic, Collinea- 
tions in the Plane, Cubic Involutions and the Rational Cubic Curve, and a clear discussion 
of Non-Euclidean Geometry. For senior-college students and graduates. ‘‘An excellent text- 
book . . . very clearly written . . . propositions stated concisely,’’ A. Emch, Am. Math. 
Monthly. Corrected reprinting. 928 problems. Index. 116 figures. xii + 443pp. 536 x 8. 

$949 Paperbound $2.00 


ALGEBRAIC CURVES, Robert J. Walker, Professor of Mathematics, Cornell University. Fine 
introduction to algebraic geometry. Presents some of the recently developed algebraic meth- 
ods of handling problems in algebraic geometry, shows how these methods are related to 
the older analytic and geometric problems, and applies them to those same geometric prob- 
lems. Limited to the theory of curves, concentrating on birational transformations. Contents: 
Algebraic Preliminaries, Projective Spaces, Plane Algebraic Curves, Formal Power Series, 
Transformations of a Curve, Linear Series. 25 illustrations. Numerous exercises at ends of 
sections. Index. x + 201pp. 5% x 81, $336 Paperbound $1.60 
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THE ADVANCED GEOMETRY OF PLANE CURVES AND THEIR APPLICATIONS, C. Zwikker. An un- 
usual study of many important curves, their geometrical properties and their applications, 
including discussions of many less well-known curves not often treated in textbooks on 
synthetic and analytic Euclidean geornetry. Includes both algebraic and transcendental curves 
such as the conic sections, kinked curves, spirals, lemniscates, cycloids, etc. and curves 
generated as involutes, evolutes, anticaustics, pedals, envelopes and orthogonal trajectories. 
Dr. Zwikker represents the points of the curves by complex numbers instead of two real 
Cartesian coordinates, allowing direct and even elegant proofs. Formerly: ‘‘Advanced Plane 
Geometry.”’ 273 figures. xii + 299pp. 536 x 8%. $1078 Paperbound $2.00 


A TREATISE ON THE DIFFERENTIAL GEOMETRY OF CURVES AND SURFACES, L. P. Eisenhart. 
Introductory treatise especially for the graduate student, for years a highly successful text- 
book. More detailed and concrete in approach than most more recent books. Covers space 
Curves, osculating planes, moving axes, Gauss’ method, the moving trihedral, geodesics, 
conformal representation, etc. Last’ section deals with deformation of surfaces, rectilinear 
congruences, cyclic systems, etc. Index. 683 problems. 30 diagrams. xii + 474pp. 5% x 8. 
S667 Paperbound $2.75 


A TREATISE ON ALGEBRAIC PLANE CURVES, J. L. Coolidge. Unabridged reprinting of one of 
few full coverages in English, offering detailed introduction to theory of algebraic plane 
curves and their relations to geometry and analysis. Treats topological properties, Riemann- 
Roch theorem, all aspects of wide variety of curves including real, covariant, polar, contain- 
ing series of a given sort, elliptic, polygonal, rational, the pencil, two parameter nets, etc. 
This volume will enable the reader to appreciate the symbolic notation of Aronhold and 
Clebsch. Bibliography. Index. 17 illustrations. xxiv + 513pp. 538 x 8. S543 Paperbound $2.75 


AN INTRODUCTION TO THE GEOMETRY OF N DIMENSIONS, D. M. Y. Sommerville. An introduc- 
tion presupposing no prior knowledge of the field, the only book in English devoted exclu- 
sively to higher dimensional geometry. Discusses fundamental ideas of incidence, parallelism, 
perpendicularity, angles between linear space; enumerative geometry; analytical geometry 
from projective and metric points of view; polytopes; elementary ideas in analysis situs; 
content of hyper-spacial figures. Bibliography. Index. 60 diagrams. 196pp. 5% x 8. 

S494 Paperbound $1.50 


GEOMETRY OF FOUR DIMENSIONS, H. P. Manning. Unique in English as a clear, concise intro- 
duction. Treatment is synthetic, and mostly Euclidean, although in hyperplanes and hyper- 
spheres at infinity, non-Euclidean geometry is used. Historical introduction. Foundations of 
4-dimensional geometry. Perpendicularity, simple angles. Angles of planes, higher order. 
Symmetry, order, motion; hyperpyramids, hypercones, hyperspheres; figures with parallel 
elements; volume, hypervolume in space; regular polyhedroids. Glossary. 78 figures. ix + 
348pp. 538 x 8. $182 Paperbound $2.00 


CONVEX FIGURES AND POLYHEDRA gh: A. Lyusternik. An excellent elementary discussion by 
a leading Russian mathematician. Beginning with the basic concepts of convex figures and 
bodies and their supporting lines and planes, the author covers such matters as centrally 
symmetric convex figures, theorems of Euler, Cauchy, Steinitz and Alexandrov on convex 
polyhedra, linear systems of convex bodies, planar sections of convex bodies, the Brunn- 
Minkowski inequality and its consequences, and many other related topics. No more than a 
high school background in mathematics needed for complete understanding. First English 


translation by T. J. Smith. 182 illustrations. Index. x + 176pp. 5% x 81. 
$1021 Paperbound $1.50 


NON-EUCLIDEAN GEOMETRY, Roberto Bonola. The standard coverage of non-Euclidean geom- 
etry. It examines from both a historical and mathematical point of view the geometries 
which have arisen from a study of Euclid’s 5th postulate upon parallel lines. Also included 
are complete texts, translated, of Bolyai’s SCIENCE OF ABSOLUTE SPACE. Lobachevsky’s 
THEORY OF PARALLELS. 180 diagrams. 431pp. 5% x 8. $27 Paperbound $2.00 


ELEMENTS OF NON-EUCLIDEAN GEOMETRY, D. M. Y. Sommerville. Unique in proceeding step- 
by-step, in the manner of traditional geometry. Enables the student with only a good 
knowledge of high school algebra and geometry to grasp elementary hyperbolic, elliptic, 
analytic non-Euclidean geometries; space curvature and its philosophical implications; 
theory of radical axes; homothetic centres and systems of circles; parataxy and parallelism; 
absolute measure; Gauss’ proof of the defect area theorem; geodesic representation; much 
more, all with exceptional clarity. 126 problems at chapter endings provide progressive 
practice and familiarity. 133 figures. Index. xvi + 274pp. 5% x 8. $460 Paperbound $1.50 


INTRODUCTORY NON-EUCLIDEAN GEOMETRY, H. P. Manning. Sound elementary introduction to 
non-Euclidean geometry. The first two thirds (Pangeometry and the Hyperbolic Geometry) 
require a grasp of plane and solid geometry and trigonometry. The last sections (the 
Elliptic Geometry and Analytic Non-Euclidean Geometry) necessitate also basic college Cal- 
culus for understanding the text. The book does not propose to investigate the foundations 
of geometry, but rather begins with the theorems common to Euclidean and non-cuclidean 
geometry and then takes up the specific differences between them. A simple and direct 
account of the bases of this important branch of mathematics for teachers and students. 
94 figures. vii 4- 95pp. 5% x 8. $310 Paperbound $1,00 
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ELEMENTARY CONCEPTS OF TOPOLOGY, P. Alexandroff. First English translation of the famous 
brief introduction to topology for the beginner or for the mathematician not undertaking 
extensive study. This unusually useful intuitive approach deals primarily with the concepts of 
complex, cycle, and homology, and is wholly consistent with current investigations. Ranges 
from basic concepts of set-theoretic topology to the concept of Betti groups. ‘‘Glowing 
example of harmony between intuition and thought,’ David Hilbert. Translated by A. E. Farley. 
Introduction by D. Hilbert. Index. 25 figures. 73pp. 536 x 8. $747 Paperbound $1.00 


Number theory 


INTRODUCTION TO THE THEORY OF NUMBERS, L. E. Dickson. Thorough, comprehensive ap- 
proach with adequate coverage of classical literature, an introductory volume beginners 
can follow. Chapters on divisibility, congruences, quadratic residues & reciprocity, Diophantine 
equations, etc. Full treatment of binary quadratic forms without usual restriction to integral 
coefficients. Covers infinitude of primes, least residues, Fermat’s theorem, Euler’s phi 
function, Legendre’s symbol, Gauss’s lemma, automorphs, reduced forms, recent theorems 
of Thue & Siegel, many more. Much material not readily available elsewhere. 239 prob- 
lems. Index. | figure. viii + 183pp. 5% x 8. $342 Paperbound $1.65 


ELEMENTS OF NUMBER THEORY, I. M. Vinogradov. Detailed 1st course for persons without 
advanced mathematics; 95% of this book can be understood by readers who have gone no 
farther than high school algebra. Partial contents: divisibility theory, important number 
theoretical functions, congruences, primitive roots and indices, etc. Solutions to both 
problems and exercises. Tables of primes, indices, etc. Covers almost every essential formula 
in elementary number theory! Translated from Russian. 233 problems, 104 exercises. viii + 
227pp. 53% x 8. $259 Paperbound $1.60 


THEORY OF NUMBERS and DIOPHANTINE ANALYSIS, R. D. Carmichael. These two complete 
works in one volume form one of the most lucid introductions to number theory, requiring only 
a firm foundation in high school mathematics. ‘“‘Theory of Numbers,’’ partial contents: 
Eratosthenes’ sieve, Euclid’s fundamental theorem, G.C.F. and L.C.M. of two or more integers, 
linear congruences, etc ‘‘Diophantine Analysis’: rational triangles, Pythagorean triangles, 
equations of third, fourth, higher degrees, method of functional equations, much more. ‘‘Theory 
of Numbers’’: 76 problems. Index. 94pp. ‘‘Diophantine Analysis’: 222 problems. Index. 118pp. 
536 x 8. $529 Paperbound $1.35 


Numerical analysis, tables 


MATHEMATICAL TABLES AND FORMULAS, Compiled by Robert D. Carmichael and Edwin R. 
Smith. Valuable collection for students, etc. Contains all tables necessary in college algebra 
and trigonometry, such as five-place common logarithms, logarithmic sines and tangents of 
small angles, logarithmic trigonometric functions, natural trigonometric tunctions, four-place 
antilogarithms, tables for changing from sexagesimal to circular and from circular to sexa- 
gesimal measure of angles, etc. Also many tables and formulas not ordinarily accessible, 
including powers, roots, and reciprocals, exponential and hyperbolic functions, ten-place 
logarithms of prime numbers, and formulas and theorems from analytical and elementary 
geometry and from calculus. Explanatory introduction. viii + 269pp. 536 x 81. 

S111 Paperbound $1.00 


MATHEMATICAL TABLES, H. B. Dwight. Unique for its coverage in one volume of almost every 
function of importance in applied mathematics, engineering, and the physical sciences. 
Three extremely fine tables of the three trig functions and their inverse functions to 
thousandths of radians; natural and common logarithms; squares, cubes; hyperbolic functions 
and the inverse hyperbolic functions; (a2 + b2) exp. 1/a; complete elliptic integrals of the 
1st and 2nd kind; sine and cosine integrals; exponential integrals Ei(x) and Ei( —x); binomial 
coefficients; factorials to 250; surface zonal harmonics and first derivatives; Bernoulli and 
Euler numbers and their logs to base of 10; Gamma function; normal probability integral; 
over 60 pages of Bessel functions; the Riemann Zeta function. Each table with formulae 
generally used, sources of more extensive tables, interpolation data, etc. Over half have 
columns of differences, to facilitate interpolation. Introduction. Index. viii + 231pp. 536 x 8. 

S445 Paperbound $1.75 


TABLES OF FUNCTIONS WITH FORMULAE AND CURVES, E. Jahnke & F. Emde. The world’s most 
comprehensive 1-volume English-text collection of tables, formulae, curves of transcendent 
functions. 4th corrected edition, new 76-page section giving tables, formulae for elementary 
functions—not in other English editions. Partial contents: sine, cosine, logarithmic integral; 
factorial function; error integral; theta functions; elliptic integrals, functions; Legendre, 
Bessel, Riemann, Mathieu, hypergeometric functions, etc. Supplementary books. Bibliography. 
Indexed. ‘‘Out of the way functions for which we know no other source,’’ SCIENTIFIC COM- 
PUTING SERVICE, Ltd. 212 figures. 400pp. 5% x 8. $133 Paperbound $2.00 
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JACOBIAN ELLIPTIC FUNCTION TABLES, L. M. Milne-Thomson. An easy to follow, practical 
book which gives not only useful numerical tables, but also a complete elementary sketch 
of the application of elliptic functions. It covers Jacobian elliptic functions and a description 
of their principal properties; complete elliptic integrals; Fourier series and power series 
expansions; periods, zeros, poles, residues, formulas for special values of the argument; 
transformations, approximations, eiliptic integrals, conformal mapping, factorization of cubic 
and quartic polynomials; application to the pendulum problem; etc. Tables and graphs form 
the body of the book: Graph, 5 figure table of the elliptic function sn (u m); cn (u m); 
dn (u m). 8 figure table of complete elliptic integrals K, K’, E, E’, and the nome q. 7 figure 
table of the Jacobian zeta-function Z(u). 3 figures. xi + 123pp. 5% x 8. 

$194 Paperbound $1.35 


TABLES OF INDEFINITE INTEGRALS, G. Petit Bois. Comprehensive and accurate, this orderly 
grouping of over 2500 of the most useful indefinite integrals will save you hours of laborious 
mathematical groundwork. After a list of 49 common transformations of integral expressions, 
with a wide variety of examples, the book takes up algebraic functions, irrational monomials, 
products and quotients of binomials, transcendental functions, natural logs, etc. You will 
rarely or never encounter an integral of an algebraic or transcendental function not included 
here; any more comprehensive set of tables costs at least $12 or $15. Index. 2544 integrals. 
xii + 154pp. 614% x 914. $225 Paperbound $2.00 


SUMMATION OF SERIES, Collected by L. B. W. Jolley. Over 1190 common series collected, 
summed, and grouped for easy reference—for mathematicians, physicists, computer techni- 
cians, engineers, and students. Arranged for convenience into categories, such as arith- 
metical and geometrical progressions, powers and products of natural numbers, figurate and 
polygonal numbers, inverse natural numbers, exponential and logarithmic series, binomial 
expansions, simple inverse products, factorials, and trigonometric and hyperbolic expansions. 
Also included are series representing various Bessel functions, elliptic integrals; discussions 
of special series involving Legendre polynomials, the zeta function, Bernoulli’s function, 
and similar expressions. Revised, enlarged second edition. New preface. xii + 25lpp. 5% 
xX 812, $23 Paperbound $2.25 


A TABLE OF THE INCOMPLETE ELLIPTIC INTEGRAL OF THE THIRD KIND, R. G. Selfridge, J. E. 
Maxfield. The first complete 6-place tables of values of the incomplete integral of the third 
kind, prepared under the auspices of the Research Department of the U.S. Naval Ordnance 
Test Station. Calculated on an IBM type 704 calculator and thoroughly verified by echo- 
checking and a check integral at the completion of each value of a. Of inestimable value 
in problems where the surface area of geometrical bodies can only be expressed in terms 
of the incomplete integral of the third and lower kinds; problems in aero-, fluid-, and 
thermodynamics involving processes where nonsymmetrical repetitive volumes must be 
determined; various types of seismological problems; problems of magnetic potentials due to 
circular current; etc. Foreword. Acknowledgment. Introduction. Use of table. xiv + 805pp. 
59a X 8%. $501 Clothbound $7.50 


PRACTICAL ANALYSIS, GRAPHICAL AND NUMERICAL METHODS, F. A. Willers. Translated by 
R. T. Beyer. Immensely practical handbook for engineers, showing how to interpolate, use 
various methods of numerical differentiation and integration, determine the roots of a single 
algebraic equation, system of linear equations, use empirical formulas, integrate differential 
equations, etc. Hundreds of shortcuts for arriving at numerical solutions. Special section on 
American calculating machines, by T. W. Simpson. 132 illustrations. 422pp. 5% x 8. 

$273 Paperbound $2.00 


NUMERICAL INTEGRATION OF DIFFERENTIAL EQUATIONS, A. A. Bennett, W. E. Milne, H. 
Bateman. Republication of original monograph prepared for National Research Council. New 
methods of iniegration of differential equations developed by 3 leading mathematicians: THE 
INTERPOLATIONAL POLYNOMIAL and SUCCESSIVE APPROXIMATIONS by A. A. Bennett; STEP-BY- 
STEP METHODS OF INTEGRATION by W. W. Milne; METHODS FOR PARTIAL DIFFERENTIAL 
EQUATIONS by H. Bateman. Methods for partial differential equations, transition from differ- 
ence equations to differential equations, solution of differential equations to non-integral 
values of a parameter will interest mathematicians and physicists. 288 footnotes, mostly 
bibliographic; 235-item classified bibliography. 108pp. 536 x 8. $305 Paperbound $1.35 


INTRODUCTION TO RELAXATION METHODS, F. S. Shaw. Fluid mechanics, design of electrical 
networks, forces in structural frameworks, stress distribution, buckling, etc. Solve linear 
simultaneous equations, linear ordinary differential equations, partial differential equations, 
Eigen-value problems by relaxation methods. Detailed examples throughout. Special tables 
for dealing with awkwardly-shaped boundaries. Indexes. 253 diagrams. 72 tables. 400pp. 
53% x 8. $244 Paperbound $2.45 


NUMERICAL SOLUTIONS OF DIFFERENTIAL EQUATIONS, H. Levy & E. A. Baggott. Comprehensive 
collection of methods for solving ordinary differential equations of first and higher order. 
All must pass 2 requirements: easy to grasp and practical, more rapid than school methods. 
Partial contents: graphical integration of differential equations, graphical methods for de- 
tailed solution. Numerical solution. Simultaneous equations and equations of 2nd and higher 
orders. ‘Should be in the hands of all in research in applied mathematics, teaching,” 
NATURE, 21 figures. viii + 238pp. 5% x 8. $168 Paperbound $1.75 


Catalogue of Dover Books 
Probability theory and information theory 


AN ELEMENTARY INTRODUCTION TO THE THEORY OF PROBABILITY, B. V. Gnedenko and A. Ya. 
Khinchin. Translated by Leo F. Boron. A clear, compact introduction designed te equip the 
reader with a fundamental grasp of the theory of probabiiity. It is thorough and authori- 
tative within its purposely restricted range, yet the layman with a background in elementary 
mathematics will be able to follow it without difficulty. Covers such topics as the processes 
involved in the calculation of probabilities, conditional probabilities and the multiplication 
rule, Bayes’s formula, Bernoulli's scheme and theorem, random variables and distribution 
laws, and dispersion and mean deviations. New translation of fifth (revised) Russian edi- 
tion (1960)—the only translation checked and corrected by Gnedenko. New preface for Dover 
edition by B. V. Gnedenko. Index. Bibliography. Appendix: Table of values of function ¢(a). 
xii + 130pp. 5% x 84. T155 Paperbound $1.45 


AN INTRODUCTION TO MATHEMATICAL PROBABILITY, Julian Lowell Coolidge. A thorough intro- 
duction which presents the mathematical foundation of the theory of probability. A sub- 
stantial body of material, yet can be understood with a knowledge of only elementary cal- 
culus. Contains: The Scope and Meaning of Mathematical Probability; Elementary Principles 
of Probability; Bernoulli's Theorem; Mean Value and Dispersion; Geometrical Probability; 
Probability of Causes; Errors of Observation; Errors in Many Variables; Indirect Observations; 
The Statistical Theory of Gases; and The Principles of Life Insurance. Six pages of logarithm 
tables. 4 diagrams. Subject and author indices. xii + 214pp. 53% x 8%. 

$258 Paperbound $1.35 


A GUIDE TO OPERATIONS RESEARCH, W. E. Duckworth. A brief nontechnical exposition of 
techniques and theories of operational research. A good introduction for the layman; also 
can provide the initiate with new understandings. No mathematical training needed, yet not 
an oversimplification. Covers game theory, mathematical analysis, information theory, linear 
programming, cybernetics, decision theory, etc. Also includes a discussion of the actual 
organization of an operational research program and an account of the uses of such pro- 
grams in the oil, chemical, paper, and metallurgical industries, etc. Bibliographies at 
chapter ends. Appendices. 36 figures. 145pp. 514 x 81. T1129 Clothbound $3.50 


MATHEMATICAL FOUNDATIONS OF INFORMATION THEORY, A. |. Khinchin. For the first time 
mathematicians, statisticians, physicists, cyberneticists, and communications engineers are 
offered a complete and exact introduction to this relatively new field. Entropy as a measure of 
a finite scheme, applications to coding theory, study of sources, channels and codes, 
detailed proofs of both Shannon theorems for any ergodic source and any stationary channel 
with finite memory, and much more are covered. Bibliography. vii + 120pp. 5% x 8. 

$434 Paperbound $1.35 


SELECTED PAPERS ON NOISE AND STOCHASTIC PROCESS, edited by Prof. Nelson Wax, U. of 
Illinois. 6 basic papers for newcomers in the field, for those whose work involves noise 
characteristics. Chandrasekhar, Uhlenbeck & Ornstein, Uhlenbeck & Ming, Rice, Doob. In- 
cluded is Kac’s Chauvenet-Prize winning Random Walk. Extensive bibliography lists 200 
articles, up through 1953. 21 figures. 337pp. 61% x 914. $262 Paperbound $2.50 


THEORY OF PROBABILITY, William Burnside. Synthesis, expansion of individual papers pre- 
sents numerous problems in classical probability, offering many original views succinctly, 
effectively. Game theory, cards, selections from groups; geometrical probability in such 
areas aS suppositions as to probability of position of point on a line, points on surface 
of sphere, etc. Includes methods of approximation, theory of errors, direct calculation of 
probabilities, etc. Index. 136pp. 536 x 8. S567 Paperbound $1.00 


Statistics 


ELEMENTARY STATISTICS, WITH APPLICATIONS IN MEDICINE AND THE BIOLOGICAL SCIENCES, 
F. E. Croxton. A sound introduction to statistics for anyone in the physical sciences, assum- 
ing no prior acquaintance and requiring only a modest knowledge of math. All basic 
formulas carefully explained and illustrated; all necessary reference tables included. From 
basic terms and concepts, the study proceeds to frequency distribution, linear, non-linear, 
and multiple correlation, skewness, kurtosis, etc. A large section deals with reliability 
and significance of statistical methods. Containing concrete examples from medicine and 
biology, this book will prove unusually helpful to workers in those fields who increasingly 
must evaluate, check, and interpret statistics. Formerly titled ‘‘Elementary Statistics with 
Applications in Medicine.’’ 101 charts. 57 tables. 14 appendices. Index. iv + 376pp. 536 x 8. 

$506 Paperbound $2.00 


ANALYSIS & DESIGN OF EXPERIMENTS, H. B. Mann. Offers a method for grasping the analysis 
of variance and variance design within a short time. Partial contents: Chi-square distribution 
and analysis of variance distribution, matrices, quadratic forms, likelihood ration tests and 
tests of linear hypotheses, power of analysis, Galois fields, non-orthogonal data, interblock 
estimates, etc. 15pp. of useful tables. x + 195pp. 5 x 7%. $180 Paperbound $1.45 
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METHODS OF STATISTICS, L. H. C. Tippett. A classic in its field, this unusually complete sys- 
tematic introduction to statistical methods begins at beginner’s level and progresses to 
advanced levels for experimenters and poll-takers in all fields of statistical research. Sup- 
plies fundamental knowledge of virtually all elementary methods in use today by sociologists, 
psychologists, biologists, engineers, mathematicians, etc. Explains logical and mathematical 
basis of each method described, with examples for each section. Covers frequency distribu- 
tions and measures, inference from random samples, errors in large samples, simple analysis 
of variance, multiple and partial regression and correlation, etc. 4th revised (1952) edition. 
16 charts. 5 significance tables. 152-item bibliography. 96 tables. 22 figures. 395pp. 6 x 9. 

$228 Clothbound $7.50 


STATISTICS MANUAL, E. L. Crow, F. A. Davis, M. W. Maxfield. Comprehensive collection of 
classical, modern statistics methods, prepared under auspices of U. S. Naval Ordnance 
Test Station, China Lake, Calif. Many examples from ordnance will be valuable to workers in 
all fields. Emphasis is on use, with information on fiducial limits, sign tests, Chi-square 
runs, sensitivity, quality control, much more. ‘Well written . . . excellent reference work,’’ 
Operations Research. Corrected edition of NAVORD Report 3360 NOTS 948. Introduction. 
Appendix of 32 tables, charts. Index. Bibliography. 95 illustrations. 306pp. 5% x 8. 

$599 Paperbound $1.65 


Symbolic logic 


AN INTRODUCTION TO SYMBOLIC LOGIC, Susanne K. Langer. Probably the clearest book ever 
written on symbolic logic for the philosopher, general scientist and layman. It will be par- 
ticularly appreciated by those who have been rebuffed by other introductory works because 
of insufficient mathematical training. No special knowledge of mathematics is required. 
Starting with the simplest symbols and conventions, you are led to a remarkable grasp of 
the Boole-Schroeder and Russell-Whitehead systems clearly and quickly. PARTIAL CONTENTS: 
Study of forms, Essentials of logical structure, Generalization, Classes, The deductive system 
of classes, The algebra of logic, Abstraction of interpretation, Calculus of propositions, 
Assumptions of PRINCIPIA MATHEMATICA, Logistics, Logic of the syllogism, Proofs of 
theorems. ‘‘One of the clearest and simplest introductions to a subject which is very much 
alive. The style is easy, symbolism is introduced gradually, and the intelligent non-mathe- 
matician should have no difficulty in following the argument,’’ MATHEMATICS GAZETTE. 


Revised, expanded second edition. Truth-value tables. 368pp. 5% x 8. 
$164 Paperbound $1.75 


A SURVEY OF SYMBOLIC LOGIC: THE CLASSIC ALGEBRA OF LOGIC, C. I. Lewis. Classic survey 
of the field, comprehensive and thorough. Indicates content of major systems, alternative 
methods of procedure, and relation of these to the Boole-Schroeder algebra and to one 
another. Contains historical summary, as well as full proofs and applications of the classic, or 
Boole-Schroeder, algebra of logic. Discusses diagrams for the logical relations of classes, the 
two-valued algebra, propositional functions of two or more variables, etc. Chapters 5 and 6 
of the original edition, which contained material not directly pertinent, have been omitted in 


this edition at the author’s request. Appendix. Bibliography. Index. viii + 352pp. 556 x 8%. 
$643 Paperbound $2.00 


INTRODUCTION TO SYMBOLIC LOGIC AND ITS APPLICATIONS, R. Carnap. One of the clearest, 
most comprehensive, and rigorous introductions to modern symbolic logic by perhaps its 
greatest living master. Symbolic languages are analyzed and one constructed. Applications 
to math (symbolic representation of axiom systems for set theory, natural numbers, real 
numbers, topology, Dedekind and Cantor explanations of continuity), physics (the general 
analysis of concepts of determination, causality, space-time-topology, based on Einstein), 
biology (symbolic representation of an axiom system for basic concepts). ‘‘A masterpiece,”’ 
Zentralblatt fiir Mathematik und ihre Grenzgebiete. Over 300 exercises. 5 figures. Bibliog- 


raphy. Index. xvi + 241pp. 53 x 8. S453 Paperbound $1.85 
Clothbound $4.00 


SYMBOLIC LOGIC, C. I. Lewis, C. H. Langford. Probably the most cited book in symbolic 
logic, this is one of the fullest treatments of paradoxes. A wide coverage of the entire 
field of symbolic logic, plus considerable material that has not appeared elsewhere. Basic 
to the entire volume is the distinction between the logic of extensions and of intensions. 
Considerable emphasis is placed on converse substitution, while the matrix system presents 
the supposition of a variety of non-Aristotelian logics. It has especially valuable sections 
on strict limitations, existence of terms, 2-valued algebra and its extension to propositional 
functions, truth value systems, the matrix method, implication and deductibility, general 
theory of propositions, propositions of ordinary discourse, and similar topics. ‘‘Authoritative, 
most valuable,’’ TIMES, London. Bibliography. 506pp. 5% x 8. $170 Paperbound $2.00 


THE ELEMENTS OF MATHEMATICAL LOGIC, Paul Rosenbloom. First publication in any 
language. This book is intended for readers who are mature mathematically, but have no 
previous training in symbolic logic. It does not limit itself to a single system, but covers 
the field as a whole. It is a development of lectures given at Lund University, Sweden, in 
1948, Partial contents: Logic of classes, fundamental theorems, Boolean algebra, logic of 
propositions, logic of propositional functions, expressive languages, combinatory logics, 
development of mathematics within an object language, paradoxes, theorems of Post and 
Goedel, Church’s theorem, and similar topics. ive+ 214pp. 536 x 8. $227 Paperbound $1.45 
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MATHEMATICS, HISTORIES AND CLASSICS 


HISTORY OF MATHEMATICS, D. E. Smith. Most comprehensive non-technical history of math 
in English. Discusses lives and works of over a thousand major and minor figures, with 
footnotes supplying technical information outside the book’s scheme, and indicating dis- 
puted matters. Vol |: A chronological examination, from primitive concepts through Egypt, 
Babylonia, Greece, the Orient, Rome, the Middle Ages, the Renaissance, and up to 1900. 
Vol 2: The development of ideas in specific fields and problems, up through elementary 
calculus. Two volumes, total of 510 illustrations, 1355pp. 5% x 8. Set boxed in attractive 
container. 7429, 430 Paperbound, the set $5.00 


A SHORT ACCOUNT OF THE HISTORY OF MATHEMATICS, W. W. R. Ball. Most readable non- 
technical history of mathematics treats lives, discoveries of every important figure from 
Egyptian, Phoenician mathematicians to late 19th century. Discusses schools of lonia, 
Pythagoras, Athens, Cyzicus, Alexandria, Byzantium, systems of numeration; primitive arith- 
metic; Middle Ages, Renaissance, including Arabs, Bacon, Regiomontanus, Tartaglia, Cardan, 
Stevinus, Galileo, Kepler; modern mathematics of Descartes, Pascal, Wallis, Huygens, Newton, 
Leibnitz, d’Alembert, Euler, Lambert, Laplace, Legendre, Gauss, Hermite, Weierstrass, 
scores more. Index. 25 figures. 546pp. 53% x 8. S630 Paperbound $2.00 


A HISTORY OF GEOMETRICAL METHODS, J. L. Coolidge. Full, authoritative history of the tech- 
niques which men have employed in dealing with geometric questions . . . from ancient 
times to the modern development of projective geometry. Critical analyses of the original 
works. Contents: Synthetic Geometry—the early beginnings, Greek mathematics, non-Euclidean 
geometries, projective and descriptive geometry; Algebraic Geometry—extension of the system 
of linear coordinates, other systems of point coordinates, enumerative and birational geometry, 
etc.; and Differential Geometry—intrinsic geometry and moving axes, Gauss and the classical 
theory of surfaces, and projective and absolute differential geometry. The work of scores of 
geometers analyzed: Pythagoras, Archimedes, Newton, Descartes, Leibniz, Lobachevski, Riemann, 
Hilbert, Bernoulli, Schubert, Grassman, Klein, Cauchy, and many, many others. Extensive (24- 
page) bibliography. Index. 13 figures. xviii + 451pp. 536 x 81. $1006 Paperbound $2.25 


THE MATHEMATICS OF GREAT AMATEURS, Julian Lowell Coolidge. Enlightening, often surprising, 
accounts of what can result from a non-professional preoccupation with mathematics. Chapters 
on Plato, Omar Khayyam and his work with cubic equations, Piero della Francesca, Albrecht 
Diirer, as the true discoverer of descriptive geometry, Leonardo da Vinci and his varied mathe- 
matical interests, John Napier, Baron of Merchiston, inventor of logarithms, Pascal, Diderot, 
I’Hospital, and seven others known primarily for contributions in other fields. Bibliography. 
56 figures. viii + 211lpp. 53% x 81%. $1009 Paperbound $1.50 


ART AND GEOMETRY, Wm. M. Ivins, Jr. A controversial study which propounds the view that 
the ideas of Greek philosophy and culture served not to stimulate, but to stifle the develop- 
ment of Western thought. Through an examination of Greek art and ‘geometrical inquiries 
and Renaissance experiments, this book offers a concise history of the evolution of mathe- 
matical perspective and projective geometry. Discusses the work of Alberti, Direr, Pelerin, 
Nicholas of Cusa, Kepler, Desargues, etc. in a wholly readable text of interest to the art 
historian, philosopher, mathematician, historian of science, and others. x + 113pp. 53% x 
8%. T941 Paperbound $1.00 


A SOURCE BOOK IN MATHEMATICS, D. E. Smith. Great discoveries in math, from Renaissance 
to end of 19th century, in English translation. Read announcements by Dedekind, Gauss, 
Delamain, Pascal, Fermat, Newton, Abel, Lobachevsky, Bolyai, Riemann, De Moivre, Legendre, 
Laplace, others of discoveries about imaginary numbers, number congruence, slide rule, 
equations, symbolism, cubic algebraic equations, non-Euclidean forms of geometry, calculus, 
function theory, quaternions, etc. Succinct selections from 125 different treatises, articles, 
most unavailable elsewhere in English. Each article preceded by biographical, historical 
introduction. Vol. |: Fields of Number, Algebra. Index. 32 illus. 338pp. 536 x 8. Vol. II: 
Fields of Geometry, Probability, Calculus, Functions, Quaternions. 83 illus. 432pp. 536 x 8. 
Vol. 1: $552 Paperbound $1.85 

Vol. 2: S553 Paperbound $1.85 

2 vol. set, boxed $3.50 


A COLLECTION OF MODERN MATHEMATICAL CLASSICS, edited by R. Bellman. 13 classic papers, 
complete in their original languages, by Hermite, Hardy and Littlewood, Tchebychef, Fejér, 
Fredholm, Fuchs, Hurwitz, Weyl, van der Pol, Birkhoff, Kellogg, von Neumann, and Hilbert. 
Each of these papers, collected here for the first time, triggered a burst of mathematical 
activity, providing useful new generalizations or stimulating fresh investigations. Topics dis- 
cussed include classical analysis, periodic and almost periodic functions, analysis and number 
theory, integral equations, theory of approximation, non-linear differential equations, and 
functional analysis. Brief introductions and bibliographies to each paper. xii + 292pp. 6 x 9. 

$730 Paperbound $2.00 


THE WORKS OF ARCHIMEDES, edited by T. L. Heath. All the known works of the great Greek 
mathematician are contained in this one volume, including the recently discovered Method 
of Archimedes. Contains: On Sphere & Cylinder, Measurement of a Circle, Spirals, Conoids, 
Spheroids, etc. This is the definitive edition of the greatest mathematical intellect of the 
ancient world. 186-page study by Heath discusses Archimedes and the history of Greek 
mathematics. Bibliography. 563pp. 538 x 8. S9 Paperbound $2.25 
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THE THIRTEEN BOOKS OF EUCLID’S ELEMENTS, edited by Sir Thomas Heath. Definitive edition 
of one of the very greatest classics of Western world. Complete English translation of 
Heiberg text, together with spurious Book XIV. Detailed 150-page introduction discussing 
aspects of Greek and Medieval mathematics. Euclid, texts, commentators, etc. Paralleling 
the text is an elaborate critical apparatus analyzing each definition, proposition, postulate, 
covering textual matters, mathematical analysis, commentators of all times, refutations, sup- 
ports, extrapolations, etc. This is the full Euclid. Unabridged reproduction of Cambridge U. 
2nd edition. 3 volumes. Total of 995 figures, 1426pp. 53% x 8. 

$88,89,90, 3 volume set, paperbound $6.75 


A CONCISE HISTORY OF MATHEMATICS, D. Struik. Lucid study of development of mathematical 
ideas, techniques from Ancient Near East, Greece, Islamic science, Middle Ages, Renaissance, 
modern times. Important mathematicians are described in detail. Treatment is not anecdotal, 
but analytical development of ideas. ‘Rich in content, thoughtful in interpretation,” U.S. 
QUARTERLY BOOKLIST. Non-technical; no mathematical training needed. Index. 60  illustra- 
tions, including Egyptian papyri, Greek mss., portraits of 31 eminent mathematicians. Bib- 
liography. 2nd edition. xix + 299pp. 5% x 8. 7255 Paperbound $1.75 


A HISTORY OF THE CALCULUS, AND ITS CONCEPTUAL DEVELOPMENT, Carl B. Boyer. Pro- 
vides laymen and mathematicians a detailed history of the development of the calculus, 
from early beginning in antiquity to final elaboration as mathematical abstractions. Gives 
a sense of mathematics not as a technique, but as a habit of mind, in the progression of 
ideas of Zeno, Plato, Pythagoras, Eudoxus, Arabic and Scholastic mathematicians, Newton, 
Leibnitz, Taylor, Descartes, Euler, Lagrange, Cantor, Weierstrass, and others. This first com- 
prehensive critical history of the calculus was originally titled ‘‘The Concepts of the 
Calculus.” Foreword by R. Courant. Preface. 22 figures. 25-page bibliography. Index. v 4 
364pp. 5% x 8. $509 Paperbound $2.00 


A MANUAL OF GREEK MATHEMATICS, Sir Thomas L. Heath. A non-technical survey of Greek 
mathematics addressed to high school and college students and the layman who desires a sense 
of historical perspective in mathematics. Thorough exposition of early numerical notation and 
practical calculation, Pythagorean arithmetic and geometry, Thales and the earliest Greek 
geometrical measurements and theorems, the mathematical theories of Plato, Euclid’s ‘‘Ele- 
ments’’ and his other works (extensive discussion), Aristarchus, Archimedes, Eratosthenes and 
the measurement of the earth, trigonometry (Hipparchus, Menelaus, Ptolemy), Pappus and 
Heron of Alexandria, and detailed coverage of minor figures normally omitted from historles 
of this type. Presented in a refreshingly interesting and readable style. Appendix. 2 Indexes. 
xvi + 552pp. 5% x 8. $279 Paperbound $2.25 


THE GEOMETRY OF RENE DESCARTES. With this book Descartes founded analytical geometry. 
Excellent Smith-Latham translation, plus original French text with Descartes’ own diagrams. 
Contains Problems the Construction of Which Requires Only Straight Lines and Circles; On 
the Nature of Curved Lines; On the Construction of Solid or Supersolid Problems. Notes. 
Diagrams. 258pp. 5% x 8. $68 Paperbound $1.60 


A PHILOSOPHICAL ESSAY ON PROBABILITIES, Marquis de Laplace. This famous essay explains 
without recourse to mathematics the frinciple of probability, and the application of prob- 
ability to games of chance, natural philosophy, astronomy, many other fields. Translated 
from the 6th French edition by F. W. Truscott, F. L. Emory, with new introduction for this 
edition by E. T. Bell. 204pp. 5% x 8. ; $166 Paperbound $1.35 
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The modern mathematician, physicist, science historian, logician, and 
every person interested in the most powerful mathematical mind of 
antiquity will be fascinated by this compilation of all the known works 
of Archimedes. In addition Sir Thomas Heath has contributed a schol- 
arly introduction which clarifies many intricate points of the life and 
thought of the great geometer and of the scientific thought of the 
entire ancient world. 


In the works ‘proper, the famous problems of the ratio of the areas of 
a cylinder and an inscribed sphere, the measurement of a circle, the 
properties of conoids, spheroids and spirals, the quadrature of the 
parabola, and others are given in their entirety. THE METHOD OF 
ARCHIMEDES is the only extant work in which an ancient mathema- 
tician reveals his method of analysis. As such, it gives an invaluable 
insight into the steps which led to the immaculate demonstrations of 
Greek mathematics which otherwise seem to have been conceived in a 
perfect state with no prior development. 


In the 186 page introduction to Greek mathematics, Sir Thomas dis- 
cusses the relation of Archimedes to his predecessors and gives a very 
complete and lucid account of both arithmetic problems such as 
approximations to a/3 and other irrational numbers, algebraic- 
geometric problems such as the trisection of the angle, proportionals, 
the cubic equation, and the anticipation of the integral calculus 
through the construction of inscribed and circumscribed polygons to a 
closed curve. 


Preface. Bibliography. 563pp. 5% x 8. 
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